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Biochemistry/Microbiology

Bowen, William S., Ph.D., Novemb
Chairman: J. Stephen Lodmell

The Role of Ribosomal Protein L ll and the LI 1-Binding rRNA in Protein Synthesis
on the Prokaryotic Ribosome

The purpose of this study was to investigate the role of ribosomal protein L ll and the
LI 1-binding rRNA in translation on the prokaryotic ribosome. The L ll and LI 1-binding
rRNA forms a complex on the inter-subunit face of the large ribosomal subunit, and is
part of a group of ribosomal protein and rRNA elements that are separated in the
secondary structure of the large subunit, but that are all linked to the functions of soluble
translation factors during their interactions with ribosomes. Together the elements are
referred to as the GTPase-associated region (GAR) due to their link to factor-dependent
hydrolysis of guanosine triphosphate on the ribosome. Here we used structural and
functional biochemical studies to specifically characterize the proximity of the LI 1/Ll 1binding rRNA complex to other elements of the GAR, and to elucidate the role of LI 1
and the LI 1-binding rRNA in factor interactions during translation.
The evidence provided herein suggests that the LI 1/Ll 1-binding rRNA complex is
proximal to other important elements of the GAR in the tertiary structure of the large
subunit, and both L ll and the LI 1-binding rRNA are involved in the function of
elongation factor G (EF-G) on the ribosome. Translation factor EF-G participates in
elongation of a nascent peptide on the ribosome by catalyzing the translocation of
transfer RNA across the ribosome as they decode messenger RNA. LI 1-binding rRNA is
found to be important for binding of elongation factor G (EF-G) on the ribosome, while
LI 1 is linked to EF-G-dependent GTP hydrolysis and/or turnover of EF-G during its
cyclical interaction with the ribosome. The C-terminal domain of LI 1 stabilizes the
structure of the LI 1-binding rRNA to allow its interaction with EF-G, while presence of
the N-terminal domain of LI 1 increases the efficiency of EF-G-dependent GTP
hydrolysis and/or turnover of the factor in the process of protein synthesis.
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Chapter 1
Introduction

The research described in this dissertation was designed to characterize the
structure and function of an RNA domain of the prokaryotic ribosome known to interact
with translation factors during protein biosynthesis. This domain consists of ribosomal
protein L ll and the region of ribosomal RNA (rRNA) to which it binds (LI 1BR).
The first chapter introduces the concepts that are critical for understanding the
function of the LI 1/Ll 1BR on the prokaryotic ribosome. After describing the
importance of the translation of proteins on ribosomes to living organisms, we outline the
aspects of translation that are related to our study. Then we describe the soluble
translation factors that assist in the function of the ribosome during translation, with
particular attention on those factors that require the coupled hydrolysis of GTP. Next we
describe the phylogenetically conserved role of rRNA in translation and the postulated
translational functions of several important domains. Particular emphasis is placed on the
role of those regions linked to interactions with translation factors and GTP hydrolysis,
including the LI 1BR. We move on to explain the importance of LI 1 in the translation
process and speculate on the mechanism of translation inhibition by thiostrepton, an
antibiotic that binds in the LI 1/Ll 1BR domain and disrupts translation factor interactions
with the ribosome. After this, we provide a background on a variety of methods used to
study ribosome structure and their importance for understanding the function of the

1
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ribosome. This section includes background on the chemical modification and chemical
nuclease probing techniques that were utilized in our study. Finally, the last section of
the introduction includes an overview of the specific aims that guided our research and
the hypotheses that were tested in the following chapters.
Chapter 2 details experiments that localized this domain with respect to other
structural landmarks on the large subunit of prokaryotic ribosomes. We found that the
LI 1BR is proximal in the tertiary structure of the ribosomal large subunit to another
element of large subunit rRNA previously linked to translation factor interactions with
the ribosome, a domain known as the sarcin/ricin stem-loop domain.
Our second section of research, detailed in the first part of Chapter 3, describes
experiments designed to address the hypothesis that the structural flexibility of the
LI 1BR is governed by the interaction of ribosomal protein L ll with the rRNA in this
domain of the ribosome. We found that mutations of the eubacterium Escherichia coli
that result in the absence of LI 1 from ribosomes significantly alter the structure of the
LI 1BR. However, mutations that result in the loss of only the N-terminal domain of LI 1
do not alter LI 1BR structure significantly.
Finally, the last part of Chapter 3 and all of Chapter 4 address the hypothesis that
mutations resulting in the loss of all or part of LI 1 on prokaryotic ribosomes have
adverse effects on translation elongation factor functions on the ribosome. We found that
the loss of LI 1 significantly reduced the interaction of elongation factor G (EF-G) with
the ribosome and significantly decreased the rate of translation elongation. The loss of
the N-terminal domain did not significantly affect the EF-G interactions with the
ribosome, but it did reduce both the rate of translation elongation and the rate of EF-G2
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dependent hydrolysis of guanosine triphosphate (GTP), a function of the factor that is
coupled to its interaction with ribosomes and its role during protein synthesis. In Chapter
5 we summarize the results of our studies and analyze their importance in the context of
ribosome function.

Gene Expression
One of the fundamental challenges all organisms face is to accurately and
efficiently express the information encoded in their genetic material in such a way that
vital cellular processes continue even in ever-changing environmental conditions.
Without converting this information into a functional protein, organisms would be limited
to the chemical and molecular potential of the deoxyribonucleic acid (DNA) itself to
provide cellular functions. This would significantly reduce the structural and functional
complexities possible for biological organisms. To overcome this limitation, evolution
has provided organisms with an ingenious strategy for gene expression (Figure 1.1).
First, the carrier of genetic information, a linear molecular sequence of the DNA
bases adenine, guanine, thymine, and cytosine (A,G,T,C) connected through a sugarphosphate backbone, is transcribed into the linear molecular sequence of messenger
ribonucleic acid (mRNA). mRNA is a faithful copy of the genetic information from
DNA that differs from DNA by the substitution of uridine (U) for thymine in the coding
sequence and by the addition of a hydroxyl group on the sugar ring (not shown). mRNA
is a complementary copy of DNA in the sense that ribonucleoside monomers are
incorporated into the copy strand based upon their potential for hydrogen bond basepairing with the deoxyribonucleoside bases of the template DNA strand (C:G; U:A)
(Figure 1.1). The transcription from DNA to mRNA allows the genetic information to be
3
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amplified into several copies, to be transported to other regions of the cell, and to be
disposed of when no longer useful. This strategy provides several points on the pathway
to regulate gene expression and allows the DNA to remain protected from sources of
mutation.
Finally, the linear molecular sequence of mRNA is used to direct assembly of a
linear molecular sequence of amino acids. This process is termed translation. The
sequence of amino acids in the translated protein directs the tertiary folding of the protein
and determines the diversity of structures it can form and, therefore, the structural or
catalytic roles it can fulfill in the cell. The resulting protein is the functional expression
of the genetic information.
Replication

Translation

Transcription

DNA

RNA

PROTEIN

Hydrogen
fionds

Nuckwftde

Figure 1.1. Transformation o f Genetic Information from DNA Sequence into Functional Protein. The
“central dogma” o f molecular biology: DNA (left) is transcribed into messenger RNA (middle). Messenger RNA
is then translated into the linear sequence o f amino acids (above right) that folds into a functional protein (below
right). DNA, RNA, and Protein structures were modified from figures by Darryl Leja at the National Human
Genome Research Institute (NHGRI) (http://www.genome.gov/page.cfm). A, adenine; T, thymine; C, cytosine; G,
guanosine; U, uridine.

4
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The Ribosome and Translation
During transcription, mRNA is synthesized as a complementary copy of the DNA
template sequence by the enzyme RNA polymerase. In the eubacterium, Escherichia
coli, this enzyme complex, consisting of six polypeptide subunits, polymerizes nucleotide
triphosphates into a polynucleotide copy of the DNA sequence. Once mRNA is
synthesized, the mRNA sequence must be translated into the amino acid sequence of the
desired protein. Translation takes place on a large, intracellular ribonucleoprotein
particle called the ribosome. Ribosomes of similar size and structure fulfill this function
in all cells of bacteria, plants, and animals.
Ribosomes are large complexes of ribosomal proteins and rRNA. In the
eubacteria, these large macromolecular complexes have a sedimentation coefficient of
70S, a molecular weight of nearly 2.5 million daltons, and consist of two asymmetric
subunits with sedimentation coefficients of 30S (small subunit) and 50S (large subunit)
(Figure 1.2). The 50S subunit itself is made up of two molecules of ribosomal rRNA,
with sedimentation coefficients of 23S and 5S and 34 ribosomal proteins. The 30S
subunit contains one molecule of 16S rRNA and 21 ribosomal proteins. Transfer RNA
(tRNA) serves as the adaptor molecule to link the information contained in the mRNA
sequence to the incorporation of a specific amino acid in the growing polypeptide on the
ribosome. Complementarity between the three base codon of the mRNA molecule with
the anticodon of the tRNA molecule (Figure 1.2) assures proper incorporation of the
specifically attached amino acid into the polypeptide.

5
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(b)

(a)
70S

M W 2,50 0 ,0 0 0
attached amino
acid (Phe)

50 S

3' end
5' end

H oop
D loop
M W 1,600,000

/ \

M W 9 0 0,000

/

ticodon

16S rRNA

5S rRNA

120

anticodon

n u cleotides

2900

nu c le o tid e s

34 p ro tein s

1540
n u cleo tid es

Secondary Structure

Tertiary Structure

tRNA

21 p ro tein s

PROCARYOTIC RIBOSOME

Figure 1.2: Ribosomes and tRNA. (a) Components of prokaryotic ribosome structure, (b) The
structure O f tRNA. M odified from Alberts et al.(2)

After the landmark discovery of the “little cellular granules,” or ribosomes, by
George Palade in 1955 (11), the race was on to uncover the molecular basis for
translation, a race that continues today. About forty years of intensive study of ribosome
structure and biochemistry has greatly elucidated the mechanisms by which organisms
synthesize protein from genetic information. Although translation in eukaryotic cells has
been found to be somewhat more complex and to require a larger number of cellular co
factors than in prokaryotic cells, researchers have found that the fundamental machinery
and methods of the translation process are closely related in all domains of life. For

6
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instance, for all organisms the process of translation is believed to take place in a series
of three principal stages: initiation, elongation, and termination. For the purpose of this
study we will focus on prokaryotic
30S subunit

translation.

( i j Binding of IFs to 30S
ribosomal subunit

in

iF3
IF2

Initiation fa c to rs

Translation Initiation

Ribosom e-binding site
(Shine-D algarno seq u e n c e)
In h f

mRNA

initiator tRNA

S tart co don
( 2 ) Binding of initiator
" tRNA a n d mRNA to
30S su b u n it

m--

®**e

in efficient protein synthesis. Selection of
the appropriate start codon establishes the

GTP> ^

mRNA-binding ^

Translation initiation is a vital step

correct reading frame, ensuring accuracy of

-.yyyy

__

translation. In addition, the “bottleneck” at

30S initiation com plex
>su bunit

( 3) Binding of SOS
ribosom al su b u n it

GTP hydrolysis

'i

lf5p+(P|)+@
P sit<
E site

tMflC

the initiation step (initation is the ratelimiting step of translation in vivo) makes it

-A site

a prime locus for translation regulation
70S initiation com plex

Figure 1.3: Initiation o f Translation in Prokaryotes. The depiction shows formation o f the 70S initiation
com plex from ribosom al subunits with the aid o f initiation
factors. Reproduced from Tortura er al. (1).

strategies. Prokaryotic translation initiation
follows the pathway outlined in Figure 1.3.
.......................
F lr S t>if

the TlboSOme IS initiating after a

previous round of translation, initiation
factor 3 (IF3) associates with the 30S subunit and removes deacylated tRNA and mRNA
(12). Next, a new mRNA binds to the 30S subunit, and an interaction between the
mRNA Shine-Dalgamo sequence and the anti-Shine-Dalgamo sequence near the 3’ end
of 16S rRNA helps to place the mRNA start codon (AUG) in the 30S subunit peptidyl (P)
site (13,14). Immediately, formyl-methionyl (fMeO-tRNA^ 61with a complementary
anticodon sequence and in complex with IF2 and GTP binds to the 3OS subunit, placing
7
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the initiator tRNA in the P site. Comparatively little is known about the function of
initiation factor 1 (IF1), but it seems to stimulate the binding and activity of IF2 and IF3
and helps ensure binding of the initiator tRNA-IF2-GTP complex in the P site before
formation of the 70S initiation complex (15,16). Finally, the 50S subunit binds to the
30S initiation complex and induces the hydrolysis of GTP bound to IF2 that aids subunit
association and allows the initiation factor to exit the ribosome (17).
Translation Elongation
<Met (or peptide)
Initiation

/

Empty
E aite
Discharged
tRNA
gdp

Wu*

.—• * /
j-n R N A p -'

+

AS'

ft

■

S'

The elongation cycle of prokaryotic

Termination
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Figure 1.4. Translation Elongation Cycle in
Prokaryotes. Depicted is the cycle that adds a single
amino acid to the grow ing polypeptide attached to P site
tRNA. Reproduced from Tortura el a/. (I)

of the ribosome in a reaction that is
dependent upon the proper matching of the

aminoacyl tRNA anticodon to mRNA codon in that site (19,20). Proper codon
recognition leads to GTP hydrolysis and the exit of EF-Tu-GTP from the ribosome. In
step 2, the aminoacyl end of the A site tRNA is accommodated in the ribosome peptidyl
transferase center of the 50S subunit, where the growing peptide on the P site tRNA is
8
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transferred to the amino-terminus of the amino acid attached to the 3 ’ end of the A site
tRNA. Recycling of EF-Tu to the ternary complex with GTP and tRNA requires the
assistance of a third elongation factor, EF-Ts, that catalyzes removal of GDP bound to
EF-Tu, allowing association of a fresh molecule of GTP and binding of a new aminoacyltRNA. Finally, in step 3, elongation factor G (EF-G), in complex with GTP, binds to the
ribosome and catalyzes the displacement of A site peptidyl tRNA to the P site and P site
deacylated tRNA to the exit (E) site where it dissociates. This reaction requires the
hydrolysis of the EF-G-bound GTP and ends with the P site tRNA-bound peptide
incremented by one amino acid and the A site open for the beginning of another cycle.
Translation Termination
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Reproduced from Tortura et al. (1)

9

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

peptidyl tRNA in the P site (22-24). Upon hydrolysis of the peptide, RF3, in complex
with GDP, binds to the ribosome. Exchange of bound GTP for GDP on the ribosome
induces a structural change in RF3 that catalyzes removal of the bound release factor (not
shown) (25). Finally, ribosome recycling factor (RRF), in conjuction with EF-G, induces
dissociation of the terminated ribosome into subunits, preparing it for re-initiation (not
shown) (26-28).
The amazing degree of conservation in the mechanism of translation and the
function of many translation factors in all organisms underlies the central importance of
template-driven protein synthesis to all life forms. In fact, of the three major cellular
information processing systems; replication, transcription, and translation, translational
components have the most universal distribution among Bacteria, Archaea, and Eukarya.
Both rRNA and most ribosomal proteins share uncanny conservation in structure and
function among the three domains, as well as the elongation factors, tRNAs, and
aminoacyl-tRNA synthetases, the enzymes that catalyze attachment of amino acids to the
3’ end of tRNAs for incorporation into proteins on the ribosome during translation
(29,30).

Translation Factors
It is evident from the descriptions above that translation on prokaryotic ribosomes
requires the assistance of many soluble cellular factors (Table 1.1). In fact, eukaryotic
translation, especially translation initiation, requires many additional factors compared
with translation initiation in prokaryotes. These differences mainly reflect the spatial
uncoupling of transcription and translation (transcription in the nucleus and translation in

10
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the cytoplasm) and the necessity for additional levels of temporal and spatial translational
regulation in eukaryotes, and not fundamental differences in the translation mechanism.
Most of the prokaryotic translation factors have a functional counterpart in eukaryotes
(Table 1.1).

Table 1.1. Soluble Protein Factors in Prokaryotic and Eukarytic Translation*
Prokaryotic Factor

Function

Eukaryotic Factor

Initiation
IF1

form ation o f initiation com plex

IF2

eIF2

form ation o f initiation com plex

IF3

eIF3,elF4C

form ation o f initiation com plex

CBPI

m RNA cap binding

eIF4A,eIF4B,eIF4F

scanning to start codon

eIF5

dissociation o f eIF2,eIF3,eIF4C

eIF6

dissociation o f large subunit after term ination

Elongation
EF-Tu

e E F la

binding o f am inoacyl tRN A to ribosom es

EF-Ts

eEFlBy

recycling o f GTP on E F -T u /E F la

EF-G

eEF2

translocation o f tRNA on the ribosome

eRFl

hydrolysis o f com pleted peptide from tRNA

Termination
RF1
RF2
RF3

hydrolysis o f com pleted peptide from tRNA

eRF3

rem oval o f release factors from term inated ribosome

RRF

disassem bly o f ribosom e term ination com plex

*
Factor inform ation adapted from M athews and van H olde (31).
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The translation cartoons above outline the immense leaps that have been made in
our understanding of the fundamental steps involved in protein synthesis on ribosomes in
the last four decades. However, they suggest that the ribosome serves as a passive
platform to guide the functions of the factors (tRNA, mRNA, initiation factors,
elongation factors, and termination factors) in translation. More and more, ribosome
researchers have begun to realize that components of the ribosome, both ribosomal
proteins and rRNA, play essential parts in supporting and even catalyzing translation at
the molecular level.
Translational GTPases

GTPase or G proteins constitute a highly conserved family of proteins that
provide a wide range of important cellular functions in all domains of life. Judging from
the conservation of the functional mechanism and core structures of GTPase proteins, it
appears that they may have evolved from a primordial precursor ((32) cited in (33)), with
an original function probably in translation (34). These ubiquitous proteins have been
linked to functions in such diverse cellular processes as membrane signaling pathways
(eukaryotes), cell division (all domains), membrane trafficking (eukaryotes), protein
secretion (all domains), cell cycle control (all domains), stress response (prokaryotes) and
of course, protein synthesis on the ribosome (all domains) (for a recent review see (35)).
They belong to a superfamily of cellular NTPases that contain the most common protein
fold, and that comprise greater than 10% of the gene products in most cellular organisms
(36). Some of the most conserved of the translation factors are the translational GTPases.
In prokaryotes they include IF2, EF-G, EF-Tu, and RF3.

12
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What distinguishes GTPase proteins from other cellular proteins is the canonical
mechanism governing their function. As suggested by their name, GTPase proteins bind
and hydrolyze GTP to regulate cellular functions. These proteins share a conserved GTPbinding or G domain structure. (Figure 1.6) (35). The basic structure of the G domain
consists of a mixed six-stranded B-sheet with five ce-helices surrounding. The flexible Ploop of the G domain binds the a.- and B-phosphates of the guanine nucleotide, while
residues from the switch I and switch II regions of the domain coordinate the 7-phosphate
in position for hydrolysis (34). Local conformational changes in the switch I and switch
II regions are magnified and relayed to other domains in the protein to modulate the
activity of the protein or its affinity for downstream effectors.

T h r3 5 ]

A
.sw itch

sw itc h I

1 -Loop

GDP

Sw itch IT

Figure 1.6. G Domain Structure and Diagram. (A) Structure o f minimal G domain structure (Ras
p21) (7), showing P-loop (red), switch I (dark green), and switch II (cyan). (B) Diagram o f GTP
“switch” mechanism. Hydrolysis o f the y-phosphate (scissors) allows local conformational change o f the
coordinating sw itch I and sw itch II regions upon phosphate release. A dapted from V etter and

W ittinahofer flO).
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Most GTPase proteins have very low rates of intrinsic GTPase activity and
require accessory factors, termed GTPase activating proteins (GAPs), for efficient on/off
switching (37,38). For many, the mechanism of GTPase activation involves the GAP
protein donating residues to the GTPase active site to stabilize the transition state in
hydrolysis. Two such examples are the small GTPase proteins Ras and Rho that function
in signaling and cell cycle control in eukaryotic cells. For these proteins, GTPase
activation requires their respective GAP proteins to donate an arginine residue, termed an
“arginine finger,” in trans to the active site of the GTPase proteins to stabilize a catalytic
glutamine residue and to neutralize developing charges in the transition state (39). Still
other GTPase proteins, including the Ga subunit of heterotrimeric G proteins involved in
signal transduction in eukaryotic cells, do not require insertion of a catalytic arginine, but
contain an intrinsic arginine that is stabilized in a catalytically active position by an
interaction with regulators of G protein signaling (RGSs). Therefore, the switch from
GTP-bound “on” state to GDP-bound “off’ state of these G proteins is accelerated by
association with the cognate target or downstream effector RGS in a conformation that
favors hydrolysis of the bound GTP (40,41).
To switch back to the GTP-bound “on” conformation and finish the GTPase cyle,
G proteins must interact with a guanine nucleotide exchange factor (GEF) to dissociate
bound GDP and allow GTP binding, or, they must have a significantly higher intrinsic
affinity for binding GTP than GDP. The Ras family are examples of GTPases with
specific GEFs to facilitate release of tightly bound GDP and replacement with GTP.
SOS, CDC25, and Vav proteins are three such protein factors that stabilize the
nucleotide-free or intermediate form of Ras proteins to favor exchange (42). For the Ga
14
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subunit of heterotrimeric G proteins, interaction of the BY-subunits of the heterotrimer
with the G„ subunit at the cell membrane stabilizes binding of GDP and locks the
heterotrimer in an inactive state. In this case, extracellular stimulation of a receptor
associated with the heterotrimer leads to a conformational change in the heterotrimer that
destabilizes the bound GDP and allows exchange for a molecule of GTP (41). Therefore
the stimulated receptor serves as an exchange factor.
Several of the translational GTPases differ significantly in the mechanisms for
guanine nucleotide exchange. EF-Ts serves as an exchange factor for EF-Tu by binding
to the EF-Tu-GDP complex and forcing a conformational change in the G domain that
displaces a magnesium ion (43). This bound magnesium ion normally stabilizes GDP in
the G domain (44), and its disruption allows GDP to dissociate and to be replaced by
GTP to complete the GTPase cycle. EF-Tu with bound GTP assumes a structure that
favors binding of aminoacyl-tRNA and formation of the translation competent, EFTu:aminoacyl-tRNA:GTP complex (45,46). IF2, EF-G, and RF3 on the other hand, have
comparable affinities for GTP and GDP (47-49), allowing unaided reloading of GTP after
GTP hydrolysis. This possibly provides a mechanism for sensing the energy state of the
cell, with high levels of GTP in the cell leading to maximal cycling of these translation
factors.
The translational GTPases share the common structural core and significant
sequence homology with both the small GTPase proteins of the Ras superfamily and G„
subunit GTPases (50). For translational GTPases, the GAP or activation effector is the
ribosome itself (51-55). Decades of intense research, however, have not revealed an
element on ribosomes that is solely responsible for activating any of the translational
15
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GTPases and, therefore, the mechanism by which the ribosome stimulates GTPase
activity remains unknown. Researchers have found that the GAP elements probably
reside on the large subunit ((56-58), for reviews see (59-61)). In fact, at least four
structural features of the 50S subunit have been implicated in GTPase activation: a
protein stalk consisting of two dimers of the 12 kDa protein L7/L12 (62-66) (LI2 differs
from L7 only by having an N-terminal acetylation), ribosomal protein L10 (57,67-69),
ribosomal protein LI 1 (69-71), the LI 1-binding region of 23S rRNA (70-76), and the
sarcin/ricin loop of 23S rRNA (70,72,76-80), so called as it is the target site of the
translation inactivation activity of the ribotoxins sarcin and ricin (81).
Researchers have so far been unable to locate a specific catalytic arginine residue
on a ribosomal protein that might induce GTPase activation of the translational GTPases.
Instead, the mechanism for GTPase activation by the ribosome probably more closely
resembles that of the Ga subunits of heterotrimeric G proteins, with elements of the
ribosome serving as the RGSs to stabilize the catalytically active state of the G domain.
The intrinsic arginine residues of EF-G and EF-Tu that are in homologous positions to
those in the active site of Ga subunits are not required for GTPase activity (82,83).
Interestingly, a residue 11 angstroms from the bound nucleotide in EF-G of E. coli.,
arginine-29, was found to be essential for GTPase activity for the factor. A direct role for
this residue in catalysis, however, would require an extensive conformational change in
the G domain, and a homologous residue is not found in EF-Tu (61). Likewise, no
residue that fulfills a role analogous to the intrinsic catalytic arginine of Ga subunits has
been found for IF2, and little is known about GTPase activation for this factor (84,85).
Still less is known about the GTPase activity of RF3 during translation (47).
16
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As translation is one of the most fundamental cellular processes for all living
organisms, it is not surprising that the establishment of the translational GTPases pre
dates the divergence of the bacteria, eukarya, and archaea lineages, and that they were
probably the first to develop from a likely universal common ancestor of GTPase proteins
(33). EF-Tu, EF-G, IF2, and RF3 all have functional equivalents in eukarya and archaea
(see Table 1.1 for eukaryotic equivalents). Therefore, mechanisms for GTPase activation
among other GTPase families (Ras and Rho and G„ subunits) probably evolved from or
diverged from the original model of translational GTPases.

The Ribosome is a Ribozyme (More or Less)
A clue to the mechanisms of translation may come from the concept of an RNAcentric world pre-dating and serving as an evolutionary intermediate to the DNA-centric
world of life forms today. This concept was first put forth by Crick in 1968 upon
considering the function of ribosomes in protein synthesis (86), and gained significant
support from the discovery of catalytic RNAs or ribozymes in the 1980s (86,87). In the
RNA world, RNAs serve as both genetic material and biological catalysts (for reviews
and discussion of the RNA world concept see (88-90). Proponents of this model
postulate the existence of an early proto-ribosome made up completely of RNA. The
active sites of modem ribosomes, those involved in catalysis of peptidyl transferase, in
decoding the interaction of the mRNA codon and tRNA anticodon, and in translocation,
coordinating the movements of mRNA and tRNA across the ribosome, may have evolved
as separate ribozymes with functions outside of translation.

17
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For instance, Poole et al. postulate evolution of a proto-ribosome from an early
RNA replicase (Figure 1.7) (9). In this model, a proto-16S rRNA decodes the tRNA
anticodon and template RNA codon and catalyzes the cleavage and ligation of three
ribonucleotides to add to the growing nascent RNA copy strand. Later in evolution, the
cleavage and ligation functions would have been lost and decoding of the tRNA and
mRNA interaction would remain the function of 16S rRNA.
The interactions and orientation of the aminoacylated tRNA ends and cleavage of
the amino acid after ribonucleotide incorporation may have been the purview of a proto23 S rRNA (Figure 1.7). In this case, selection and orientation of the aminoacylated ends
of tRNA, amino acid cleavage, and release of deacylated tRNA would have evolved into
the peptidyl transferase, tRNA selection, and translocation functions of the large subunit

activated

nascent RNA
strand

'template strand
riboryroe-catafyzed
decoding, cleavage
a n d tig a lto n f u n c tio n s

F ig u re 1.7. RN A R eplicase, a Possible P re cu rso r to an RNA Proto-R ibosom e. (1) An early tRNA
analog, activated by attachment o f an amino acid, serves as a carrier for three ribonucleotides in the
anticodon position. The attached amino acid provides a tag for the proto-23S rRNA to recognize and
orient the tRNA. (2) The proto-16S rRNA decodes matching o f the tRNA “anticodon” to the template
“codon,” and cleavage and ligation adds the ribonucleotides to the growing RNA copy in a manner similar
to today’s splicing mechanisms. (3) The proto-23S rRNA cleaves the amino acid and the used tRNA is
released. Figure adapted from Poole et al. (9).
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rRNAs seen today. Each of these functional RNAs could have been joined by
recombination once replication fidelity could reliably reproduce an entire 23 S rRNA-like
molecule.
Of course, the selective pressure to retain the protein synthesis activities of a
proto-ribosome would have been the evolutionary advantage of synthesized protein in
support of fundamental metabolic processes. At first, simple peptides could have served
a supportive role, stabilizing the conformation and increasing the catalytic efficiency of
RNA during replication. The first of these catalytic ribonucleoprotein (RNP) enzymes
would have been a more efficient and accurate proto-ribosome. This would create a
positive feedback mechanism for the production of increasingly functional peptides.
Later, as the synthesized peptides grew in size and complexity, their inherent
supremacy for biochemical catalysis would have led to subjugation and possible
replacement of the role of catalytic RNAs in cellular functions by protein enzymes (for an
in-depth discussion of this progession from an RNA world see (9)).
Given this scenario, and the pre-eminence of protein catalysis in cells today, we
might predict that the ribosome would evolve to become a platform of catalytic ribosomal
proteins. Protein catalysts have faster turnover and reaction times than ribozymes, and
the diversity of the chemical groups on amino acid side chains allows for a wider variety
of reaction mechanisms. However, two fundamental characteristics of translation may
have prevented complete replacement of catalytic RNAs by proteins in the process (91).
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First, protein synthesis is a central process to many metabolic functions in cellular
organisms, making it difficult to replace the original components. Second, the
improvement on the rates of reactions afforded by protein catalysts is ultimately limited
by the rate of diffusion of the substrates, and Graham’s Law of Diffusion requires that
the diffusion rate is inversely proportional to the square root of the molecular weight of
the substrate. Therefore, the rates of the fundamental reactions in translation would be
limited by the diffusion rate of the relatively large tRNA and mRNA molecules, reducing
the potential rate advantage of protein catalysis.
If translation evolved from an RNA proto-ribosome, therefore, we would predict
that the domains of rRNA involved in central functions would be the most conserved
features of modem ribosomes. Consistently the most conserved features of rRNAs we
recognize today are also those regions that have been linked to functions that are
fundamental to translation. These domains were primarily linked to the three basic
functions of translation; decoding, peptidyl transferase, and translocation. Below, we
briefly review the important functions of these conserved centers, focusing on
prokaryotic ribosomes. Little is known about the function of 5S rRNA and, therefore, we
will not review this enigmatic molecule here.
16S rRNA

Decoding on the ribosome ensures the accurate selection of an incoming aminoacyltRNA into the ribosomal A site by measuring correct Watson-Crick base-pairing between
the mRNA codon and tRNA anticodon. To do this, the ribosome recognizes the
structural geometry of the Watson-Crick base-pair (92-95). Although some diversity is
allowed in the third or “wobble” base-pair (96), this mechanism ensures that only a
20

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

correct codon-anticodon base-pair is accepted. The region of the 3OS subunit associated
with A site tRNA interactions and decoding is referred to as the decoding center (97).
The decoding center consists of two short phylogenetically conserved sequences of rRNA
at the 3’ end of 16S rRNA (Figure 7) around nucleotides 1400-1500
Secondary Structure: small subunit ribosomal RNA

Decoding Center
Positions with a nucleotide in m ore than 95% of th e seq u en ces are
show n in o n e of four categories:
ACGU
- 98+% conserved
acgu
- 90-98% conserved
• - 80-90% conserved
o - less th an 80% conserved

Figure 1.8. Phylogenetic Conservation of 16S rRNA. 16S rRNA regions involved in the decoding
function o f the ribosome are highlighted in green (the 530 stem-loop and the decoding center). Regions
involved in tRNA binding in the P and E sites are highlighted in orange and blue respectively. The
highlighted regions are enlarged to show the phylogenetically conserved nucleotides (from analysis o f 5591
sequences o f Bacteria, Archaea, and Eukarya small subunit rRNA). Structure and analysis from Cannone
et al. (6).
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(Figure 1.8; green box) (97), although at least one nucleotide near a stem-loop including
the conserved nucleotide G530 (E. coli numbering for rRNA nucleotides will be used
throughout this study), has also been implicated (Figure 1.8; green box) (93).
Interactions between conserved nucleotides and the codon-anticodon base-pair in the
decoding center specifically enhance the stability of tRNA binding and favor selection of
cognate over non-cognate or near-cognate base-pairs (92,93). rRNA seems to be the
primary component of the decoding site (98), although recent studies have indicated that
the “tails” of a few ribosomal proteins may stabilize the binding site (99). Similarly,
conserved nucleotides in 16S are involved in the binding of P site and Exit (E) site tRNA
as the tRNA traverse the 30S subunit (Figure 1.8; orange and blue boxes respectively),
with somewhat more contribution from ribosomal proteins (99,100).
23S rRNA

As with 16S rRNA, 23S rRNA has several phylogenetically conserved regions
that have been linked to fundamental functions in translation. Figure 1.9 illustrates the
nucleotide conservation among large subunit rRNAs from Bacteria, Archaea, and
Eukarya, superimposed upon the 23S rRNA secondary structure of Escherichia coli. The
phylogenetically conserved regions are highlighted and discussed below.
Peptidyl Transferase

Munro first attributed peptidyl transferase activity to the large subunit of
Escherichia coli ribosomes in 1967 (101). Although early investigators attempted to find
a single catalytic large ribosomal subunit protein, they could only establish that peptidyl
transferase activity persists in a complex of 23 S rRNA with strictly limited set of
ribosomal proteins (reviewed in (102)), resists vigorous procedures employed to remove
22
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Phylogenetic Conservation Superimposed onto th e Escherichia coli
Large Subunit rRNA Secondary Structure
Reference sequence and structure: Escherichia coll (J01695)
Num ber of sequences for com parisons: 4214
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Figure 1.9. Phylogenetic Conservation o f 23S rRNA. The figure shows the conservation o f nucleotides
at equivalent positions in the 3 ’- and 5’-halves o f 23S rRNA for Bacteria (23S), Eukarya (28S + 5.8S), and
A rchaea (23S) (total o f 4214 sequences) superim posed upon the secondary structure o f E scherichia coli
23S rRNA (figure and phylogenetic comparison adapted from Cannone et al. (6)). The most conserved
features are highlighted and enlarged in insets for clarity. Dark pink, LI 1-binding rRNA involved in
ribosomal protein LI 1 binding and factor interactions; dark yellow, subunit association region; light pink, P
loop involved in tRNA interactions in the P site; light yellow, A loop involved in tRNA interactions in the
A site; light green, sarcin/ricin stem loop (SRL) involved in factor interactions; light blue, the peptidyl
transferase region involved in peptide transfer from P to A site tRNA during elongation; orange, site o f
interactions with E site tRNA.
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all proteins from large subunit rRNA (103), and does not reside with any combination of
RNA-free ribosomal proteins (cited in (102)). Meanwhile, biochemical evidence
mounted implicating rRNA in the reaction. Several groups provided evidence for
specific cross-linking between derivatived aminoacyl moieties attached to the 3 ’
(acceptor) end of tRNA and 23 S rRNA when the tRNA was bound to the A or P sites of
ribosomes (104-107). Later, chemical modification protection experiments also revealed
23S rRNA as part of the tRNA ribosomal binding sites (108). Finally, the binding sites
and resistance mutations for antibiotics that affect peptidyl transferase and/or tRNA
binding on the large subunit map virtually exclusively to 23S rRNA residues (for reviews
see (109-112)). The experiments described above consistently linked nucleotides in
domain V of 23 S rRNA (Figure 1.9) to peptidyl transferase and interactions with A and P
site tRNA. One element of this domain, termed the peptidyl transferase center (Figure
1.9; light blue square) includes a large central loop that contains most rRNA nucleotides
associated with peptide transfer catalysis and resistance mutations to inhibitors of
peptidyl transferase (113). Adjacent to the peptidyl transferase center are the A and P
loops (Figure 1.9; light yellow and rose squares respectively), two 23S rRNA elements
linked to interactions of the 3’-aminoacylated and 3’-peptidyl ends of tRNA in the A and
P sites respectively ((108,114-118) and for review see (100)).
Subunit Interface

Another conserved feature of the 23 S rRNA, a region encompassing domain IV
(Figure 1.9; dark yellow box) also forms part of the interaction sites for tRNA on the 50S
subunit (115). This region maps to the large and small subunit interface (99,119,120) and
its has been suggested that it may either help maintain the accuracy of tRNA selection or
24
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be involved in translocation of tRNAs by serving as a communication pathway between
the decoding center of 16S rRNA and the peptidyl transferase center (99,119).
Sarcin/Ricin Stem-Loop

The sarcin/ricin stem-loop (SRL) is one of the most conserved sequences of
rRNA on ribosomes from all domains of life (Figure 1.9; dark green box), and gets its
name from being the site of activity of two ribotoxins, a-sarcin and ricin. a-Sarcin is a
cytotoxic protein secreted by filamentous fungus that hydrolyzes the phosphodiester bond
on the 3’ side of G4325 (the equivalent is G2662 on Escherichia coli 23S rRNA) in the
28S rRNA of eukaryotic ribosomes (81), inhibiting protein synthesis on eukaryotic
prokaryotic ribosomes (121). Although the affected rRNA sequence is nearly universally
conserved between 23S rRNA of Bacteria and Archaea, and 28S rRNA of Eukarya,
cleavage of 23 S rRNA in bacterial ribosomes requires concentrations of a-sarcin an order
of magnitude higher, and inhibition of protein synthesis is significantly reduced (81).
Ricin and related cytotoxins from plants inactivate eukaryotic ribosomes by hydrolyzing
the A-glycosidic bond of A4324 (the equivalent position is A2661 on Escherichia coli
23 S rRNA), resulting in depurination of the residue on rRNA (122). These toxins are
inactive against bacterial ribosomes, but hydrolyze the equivalent residue in 23S rRNA
stripped of ribosomal proteins (123). Also from the ricin group are the Shiga toxins from
bacteria with similar activities (124).
Both a-sarcin and ricin-related ribotoxins inhibit peptide chain elongation on
affected ribosomes, and studies of their activities have shed light onto the function of the
SRL in translation. For instance, the activity of both ribotoxins inhibits E F-la (the
eukaryotic equivalent of EF-Tu in bacteria)-dependent binding of aminoacyl-tRNA to
25

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

elongating ribosomes (125,126), and the activity of both inhibits ribosomal binding of
EF-2 (EF-G in bacteria) (126,127). Furthermore, binding of elongation factors of both
eukaryotes and prokaryotes has been localized to the SRL (72,128,129). In addition,
mutational studies have identified specific nucleotides in the SRL associated with factor
interactions (78,79,130-132) and led to the suggestion that the SRL may undergo a
functionally-important conformational change during translation (133,134).
Lll-Binding rRNA

The LI 1BR is not only the site of ribosomal protein LI 1 binding, but also has
been linked to interactions with both elongation factor complexes (71,72,76,80,135); the
tRNA:GTP:EF-Tu (EF-la in eukaryotes) complex that brings aminoacyl-tRNA to the
empty A site, and the GTP:EF-G (EF-2 in eukaryotes) complex that catalyzes
translocation of the P site, deacylated and A site peptidyl (after peptidyl transferase)
tRNA’s to the E site and P site, respectively, during elongation.
The LI 1BR shows high phylogenetic conservation (Figure 1.9; dark rose box) and
folds into a distinctive tertiary structure (Figure 10) that brings the two distal stem-loops
within the domain into close proximity (8,136). Structural studies on a fragment of the
LI 1BR indicated that this tertiary structure is formed by conserved interactions of bases
between the stem-loops (for example the base triples; G1056:U1082:A1086,
Cl 100:G1091:G1071, and G1099:C1092:C1072) (136-139), and that the structure is
stabilized by the binding of LI 1 (136,140). Foot-printing LI 1 on the LI 1BR detected
binding of the protein only in the minor groove of the stem-loop that includes nucleotide
A1067 (Figure 1.10) (141), however, and the protein does not appear to contact the
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A 1067

F ig u re 1.10. T e rtia ry a n d Secondary S tru ctu re of the L ll-B in d in g rR N A . (A) Tertiary structure o f
the a fragment o f LI 1 bound to the LI 1-binding rRNA (8). (B) Secondary structure o f the LI 1-binding
rRNA (6). L I IN , N-terminal domain o f LI 1; LI 1C, C-terminal domain o f L I 1; LI 1BR, LI 1-binding
rRNA.

nucleotides involved in the conserved interactions (8,136). Interestingly, binding of the
antibiotic thiostrepton to the LI 1BR stabilizes the same structure of the rRNA
(137,139,142), although it does not bind to a site overlapping that of LI 1 (142,143).
These studies led to the hypothesis that this inherently unstable rRNA structure may
cycle between distinct conformations during translation, and that binding of thiostrepton
may “trap” the rRNA in a particular conformation, preventing a functionally important
transition (137,138). In fact, studies of the ribosome interactions and activity of the
antibiotic thiostepton were the first to implicate the LI 1BR of rRNA in translation
functions.
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Ribosomal Protein L l l
Suggestions of the importance of the rRNA to such conserved activities of the
ribosome as decoding, peptidyl transferase, and translocation begs the question, “What is
the function of the ribosomal proteins?” Perhaps the proteins serve as somewhat inert
molecular scaffolding that holds the rRNA in the appropriate position and orientation for
catalytic activity. Perhaps the proteins serve to fine-tune the central functions of
translation that developed on a proto-ribosome. In fact, structural evidence from recent
x-ray crystallographic and cryo-electron microscopic studies of prokarytotic ribosomes
and ribosomal ligands, as well as volumes of historical biochemical evidence, suggest
ribosomal proteins have a direct role in many important ribosomal activities.
Documented functions include forming part of the exit site for deacylated tRNA binding
just before it is ejected from the ribosome (144), gating the exit tunnel where the growing
peptide leaves the large subunit (145), helping to check the accuracy of tRNA selection
during decoding (146,147), and determining the position, timing, and affinity of
translation factor interactions with the ribosome (61,71,148,149).
Ribosomal protein LI 1 is another example of a protein that plays a significant
role in ribosome functions. Past studies on LI 1-deficient ribosomes implicated the
protein in binding of EF-G on the ribosome (150,151) and EF-G-coupled GTPase
activation (69). Cross-linking and biochemical studies linked L ll to RF-l-mediated
translation termination (152-154) and guanosine pentaphosphate (pppGpp) synthesis by
the stringent factor, RelA, during the stringent response to amino acid starvation in
bacteria (155-157). LI 1 has two domains (158) (Figure 10), a C-terminal domain
(approximately 75 amino acids) that mediates binding to the LI 1BR (136,142), and an N28
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terminal domain (approximately 65 amino acids) that associates only loosely with rRNA
(8,136). The C-terminal domain not only anchors LI 1 on the ribosome, but also
stabilizes the tertiary structure of the LI 1BR (140,159). Alternatively, the N-terminal
domain mediates interactions with stringent factor (157) and RF-1 (152-154).
Little is known of the molecular mechanisms involved in LI 1 mediation of factor
interactions and coupled GTPase activation. L ll may affect factor interactions and
GTPase indirectly by stabilizing the proper conformation of the LI 1BR, or directly by
forming part of a GTPase activation domain on the ribosome. A cryo-electron
microscopy study recently suggested that the N-terminal domain of LI 1 may be flexible,
reversibly dissociating from the LI 1BR to interact with the GDP:EF-G complex in a
translation step following coupled GTP hydrolysis (71).

Thiostrepton
Thiostrepton is a multicyclic thiopeptide antibiotic produced by Streptomyces sp.
that binds to ribosomes with high affinity and disrupts translation. Although thiostrepton
is known to affect reactions during the elongation steps of translation, the molecular basis
for its inhibition is uncertain. Previous studies have reported that thiostrepton inhibits
IF2-dependent P site binding of fMet-tRNAfMet, EF-Tu-dependent A site binding of
aminoacyl-tRNA, and EF-G-dependent translocation on the ribosome (160-164).
However, conflicting studies have shown that the ribosome-dependent GTPase activities
of the three factors are alternatively inhibited (164-166), unaffected (60,167), or even
stimulated (166,168) by the presence of the antibiotic. These results can be reconciled if
the presence of thiostrepton induces changes on the ribosome that inhibit productive
ribosome binding for some factors prior to GTPase activation and that prevent an
29
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important post-GTPase function on the ribosome for others (for a discussion see
(166,168,169)).
Studies of the binding of thiostrepton and LI 1 to the LI 1BR have suggested
several possibilities for the role of this domain in translation and the inhibition by
thiostrepton. Weisblum and Demohn first recognized 50S subunits as the site of action of
thiostrepton translation inhibition (170), and it was later discovered that LI 1 was
necessary for thiostrepton binding to ribosomes and absent in resistant mutants (171,172).
Evidence for the involvement of rRNA in binding thiostrepton came from studies of the
resistance mechanisms of Streptomyces sp. In each case, resistance was conferred by the
action of an RNA-pentose methylase that methylates one residue (A1067 in Escherichia
coli) in the L 11BR, rendering ribosomes refractory to thiostrepton binding (173,174). In
addition, mutation of A1067 or equivalent to G, C, or U severely reduced the efficacy of
antibiotic inhibition (175).
Thiostrepton binds to a complex of 23S rRNA and L ll with high affinity.
However, binding to 23S rRNA alone is orders of magnitude lower (175,176), suggesting
the necessity of both ribosomal components for binding. Foot-printing of thiostrepton on
23 S rRNA by chemical probing (143) and structural studies on a complex of the LI 1BR
fragment and L ll (8,136,137,139,142) suggested that thiostrepton probably binds in a
cleft formed between the the rRNA and the N-terminal domain of the protein, and that the
tertiary structure of the LI 1BR is inherently unstable. Based on these results, the authors
postulated that thiostrepton binding to ribosomes inhibits translation elongation either by
steric hindrance of elongation factor binding or by preventing a conformational change in
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the LI 1BR/L11 complex that is necessary for steps in elongation (discussed in (137) and
(8)). This intriguing possibility is investigated in the research presented in this study.

Structural Studies on Prokaryotic Ribosomes
X-Ray Crystallography

Thus far, a thorough understanding of the mechanisms of ribosome function at the
molecular level has not yet been attained, and researchers are employing a battery of
techniques to improve our understanding of ribosome structure at greater resolution. For
instance, remarkable advances have been made in the last two decades in the analysis of
ribosomes using biophysical techniques such as x-ray crystallography and cryo-electron
microscopy. The relatively large size of the ribosome macromolecular complex (~2.5
MDa), previously an impediment to x-ray crystallographic techniques, is increasingly
being overcome by new methods of crystal generation, by the availability of high energy
x-ray sources (synchrotron radiation), and by improvements in the collection and analysis
of x-ray diffraction data to resolve structures (177). As a result, relatively high
resolution structures of the entire 70S ribosome from the thermophilic bacterium,
Thermus thermophilus (99,178), of the 50S subunits from the archaea, Haloarcula
marismortui (179) and the mesophilic bacterium Deinococcus radiodurans (180), and of
the 3OS subunits from Thermus thermophilus (144,181) have recently become available
that greatly increase our understanding of protein synthesis at the molecular level.
Cryo-Electron Microscopy

Ribosome researchers have also used cryo-electon microscopic techniques
successfully for structural analysis of functional ribosome complexes, albeit at lower
resolutions than for x-ray crystallography. Cryo-electron microscopy allows the study of
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ribosomes in conditions that are more physiological than those in x-ray crystals, and the
ribosome complexes can more easily be “frozen” in functional states while associated
with mRNA, tRNA, and translation factors, allowing the dissection of “snapshots” in the
stages of translation. Improved methods for freezing particles and of computational
techniques for single-particle reconstruction from multiple electron diffraction images
have recently led to the possibility of imaging of particles at unprecedented resolutions
(182). By analyzing low resolution (10-20 A) cryo-electron images of functional
ribosome complexes in relation to higher resolution x-ray crystallographic structures
from related organisms, investigators have been able to accurately identify the positions
on ribosome reconstructions of rRNA, ribosomal proteins, and factors interacting with
ribosomes in functional complexes.
Cross-linking

Biochemical approaches to ribosome structure analysis have also provided
valuable insight into ribosome function. One method widely used to identify the
positions of ribosome components and interacting factors is to chemically cross-link
those features that are proximal in tertiary structures. Cross-linking is commonly induced
by treatment of ribosomes with ultra-violet radiation, by treatment of ribosomes with
chemical cross-linking reagents, or by introduction of tethered cross-linking reagents at
specific positions on rRNA, ribosomal proteins, or ribosome ligands. For instance,
chemical cross-linking of ribosome constituents has enabled researchers to evaluate the
proximity and dynamics of rRNA domains and of rRNA and ribosomal protein in the
ribosome (for a review see (183)). Cross-linking ribosome ligands in functional
ribosome complexes has identified ribosomal components interacting with mRNA (18432
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190), tRNA (191-196), and translation factors (24,197-202). In addition, DNA
oligonucleotides, complementary to stretches of rRNA and derivatized with photolabile
cross-linking agents, have been hybridized to ribosomes and were used to identify
ribosomal proteins and regions of rRNA proximal to the hybridized probe (203-207).
Cross-linking studies have the advantage of directly identifying regions of
proximity between ribosomal components or between the ribosome and interacting
factors, as the cross-linked molecules must lie within the range of the reactive group.
However, the low efficiency of cross-linking often requires the use of relatively high
levels of interacting ligands to increase the level of occupancy, making the technique
susceptible to the detection of artifacts due to occupancy of non-specific sites.
Chemical and Enzymatic Probing

Structural probing using chemical and enzymatic reagents has also been useful for
structural studies on ribosomes. Enzymatic nucleases such as RNase T l, U2, and RNase
VI have different specificities for hydrolysis of RNA structures (see (208,209) for
reviews of RNases and methods) and, therefore, they have been used extensively to probe
both the secondary structure of rRNA and to identify rRNA domains protected from their
activity by interactions with ribosomal proteins (210-213), translation factors, and
tRNAs.
The use of chemical modification reagents, including dimethyl sulfate (DMS), 1cyclohexyl-3-(2-morpholinoethyl)-carbodiimide-p-toluene sulfate (CMCT), 2-keto-3ethoxybutyraldehyde (kethoxal), and diethylpyrocarbonate (DEPC), that modify specific
positions on the nitrogenous bases of nucleic acids, to probe RNA structure and
interactions with proteins was pioneered by Peattie (214,215) and has been used to study
33
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ribosome structure extensively by both Garrett and Noller. The principle is simple.
Changes in the position or extent of chemical modification of the RNA bases under
different probing conditions or in the presence of potential ligands represents a change in
the structure of the RNA or “protection” of the RNA base by interaction with a ligand.
These methods have been used in the past to identify rRNA regions protected by the
binding of ribosomal proteins (137,212,213,216-219) and to “foot-print” the protection of
rRNA by tRNA (108,115-117,220-222), mRNA (223), and translation factors (72,224228) on ribosomes. RNase and chemical modification methods are limited, however by
the availability and reactivity of RNA or specific bases in the native structure of the
RNA, and changes in reactivity due to direct interactions or to indirect changes in rRNA
conformation cannot be easily distinguished.
Chemical Nucleases

Alternatively, the category of nucleic acid probes known as chemical nucleases,
that includes such commonly used metal coordinating complexes as ethylenediaminetetraacetic acid (EDTA):Fe2+, metalloporphyrins, and 1,10-orthophenanthroline:Cu2+, cause lesions in the nucleic acid backbone by oxidative attack on
the ribose or deoxyribose primarily, or, less frequently, on the nitrogenous base. Strand
scission from oxidative attack makes the lesion more readily detectable than chemical
modification, and is not limited to specific nucleobases positions. However, the principle
for probing RNA structure and interactions is the same as for chemical modification
techniques.
Diffusible hydroxyl radicals, generated from the oxidation of EDTA-chelated Fe2+
in the presence of hydrogen peroxide (modified Fenton reaction), cleave the nucleic acid
34
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backbone by abstracting a hydrogen atom from the ribose or deoxyribose C4' carbon
primarily, leading to rearrangement, elimination, and scission (see Appendix B for
background on metal complex cleavage) ((229) and references therein). The radicals
produced induce cleavage of double or single stranded cleavage without preference for
the base at each position. However, cleavage is attenuated when the backbone is shielded
by contact with other macromolecules or by the tertiary structure of the nucleic acid.
EDTA:Fe2+ probing has previously been used with great success in by Noller et
al. to elucidate structural and mechanistic features of the ribosome. Tethered cleavage
from ribosomal proteins, tRNA, and translation factors localized their interactions to
regions of rRNA in the 70S ribosome (see (100,230) for reviews). To identify proximal
regions of rRNA, Noller and co-workers tethered EDTA:Fe directly to an interruption
in the rRNA backbone (231). These studies illustrate the power of chemical nucleases
for elucidating rRNA structure.

Experimental Stategy
The aim of the first part of this study was to identify elements of rRNA in the
large subunit of the prokaryotic ribosome that are proximal to the sarcin/ricin stem-loop
(SRL). As discussed above, both the LI 1BR and SRL domains have previously been
linked to binding and GTPase activity of elongation factors on the ribosome. In fact
these two components, along with a pentameric complex including ribosomal protein L10
and two dimers of proteins L7 and L12 (L10.(L7/L12)2) that forms a protein stalk on the
50S subunit (232,233), are referred to as the GTPase-associated region (GAR) due to
their involvement in factor interactions and GTPase activation (8). Some circumstantial
evidence also linked the SRL directly with the LI 1BR. For instance, the initial binding
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of thiostrepton to ribosomes prevents the rRNA hydrolytic activity at the SRL (234), and
the activity of osarcin and ricin at the SRL cause structural changes at the LI 1BR (235).
Therefore, we postulated that the two regions, distal in the secondary structure of 23S
rRNA (Figure 8), may be proximal in the tertiary structure of the 50S subunit.
Alternatively, the two regions might be distal in the tertiary structure and affect
translation by interacting with distinct domains of the translation factors. To test our
prediction, and to characterize the rRNA environment surrounding the GAR, we designed
a system to localize a chemical probe to a specific position within the functional domain.
The results of our probing studies suggested that the SRL and LI 1BR are indeed
proximal on the 50S subunit of prokaryotes and also revealed several additional elements
of rRNA proximal to the SRL. These results preceded the publication of high resolution
x-ray crystal structures of the large subunit (179,180) that confirmed the proximity of the
same elements.
The location of the chemical cleavage in the LI 1BR, proximal to the known
binding site of the antibiotic thiostrepton, prompted us to ask if binding of the antibiotic
might change our cleavage results. Our studies revealed that rRNA cleavage in the
LI 1BR from the SRL-bound oligonucleotide were severely attenuated in in the presence
of thiostrepton. As the cleavages were not localized to the thiostrepton binding cleft, they
could not be explained as direct steric protection from the bound antibiotic.
Building on the results of our probing studies, we next sought to further elucidate
the potential conformational change identified in the LI 1BR. The aim in the second part
of this study (Chapter 3) was to identify the structural changes in the LI 1BR associated
with thiostrepton binding. As discussed above, thiostrepton is believed to bind in a cleft
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between the LI 1BR and LI 1. Therefore, we hypothesized that antibiotic binding might
“trap” a conformation of the rRNA within the LI 1BR that would explains its effects on
translation. Alternatively, the effects of thiostrepton binding might be localized to the
binding site, directly preventing the association of translation factors, or antibiotic
binding might induce a conformational change in ribosomal protein LI 1 that protects the
affected region of LI 1BR from oligonucleotide-directed cleavage from the SRL.
As ribosomal protein LI 1 also binds in the LI 1BR and is known to regulate its
structure, we also sought to characterize the structural changes in the LI 1BR that
accompany mutations in LI 1. We chose to probe the LI 1BR structure on ribosomes that
were isolated from a strain of Escherichia coli that had the chromosomal gene for LI 1
knocked out. To further elucidate the role of LI 1 we also probed, with or without
thiostrepton present, isolated ribosomes from the LI 1 knockout strain with the C-terminal
domain of LI 1 or the entire protein (as a control) supplied by expression from an
inducible plasmid in vivo. Binding of the C-terminal domain of LI 1 is thought to
stabilize the structure of the LI 1BR, but the function of the N-terminal domain of the
protein is largely unknown. Therefore, we hypothesized that the absence of the entire
protein would cause a dramatic destabilization of the rRNA in the LI 1BR, while the
absence of only the N-terminal domain would have less significant effects. Alternatively,
the structure of the LI 1BR might be stabilized by surrounding elements of the ribosome,
and binding of LI 1 in this domain might position the protein for a functional role in
translation.
From these studies, we found that thiostrepton binding induces structural changes
in the LI 1BR outside of the antibiotic binding site, suggesting that the antibiotic indeed
37
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induces a distinct structure of the LI 1BR. In addition, the results indicated that the
structure of the LI 1-binding rRNA becomes fully conformationally flexible when
ribosomes lack the entire LI 1 protein, but not when ribosomes lack only the N-terminal
domain. The effects of the absence of the N-terminal domain of LI 1 were localized to
only a few residues on the surface of the LI 1BR, suggesting that this domain is only
loosely associated with the rRNA.
Our use of the LI 1-mutant ribosomes for structural studies presented the
opportunity to help understand the function of this phylogenetically conserved ribosomal
protein during translation. Our aim was to decipher the particular effects of the LI 1
mutations on translation functions. A review of past research allowed us to formulate
several hypotheses to explore with functional studies. Based on the inhibitory effect of
the absence of the equivalent ribosomal protein (BM11) in thiostrepton-resistant mutants
of Bacillus megaterium, we postulated that ribosomes from Escherichia coli mutants
lacking LI 1 would be severely inhibited in in vitro translation relative to wild type
ribosomes. Similarly, we expected that mutant ribosomes with only the C-terminal
domain of LI 1 would suffer significant decreases in translation efficiency. Therefore,
simultaneous to our structure probing, we performed in vitro translation tests. We found
that in vitro translation on mutant ribosomes lacking LI 1 was severely inhibited, while
only moderate inhibition was noted for ribosomes lacking the N-terminal domain of the
protein. N-terminal domain mutants of LI 1 were specifically inhibited in the function of
EF-G during the elongation phase of translation, while mutants lacking the entire protein
were inhibited in both the functions of EF-G and EF-Tu during this phase. These results
led us to compare the binding of translation factors to LI 1-mutant ribosomes and to
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compare the efficiency of the hydrolysis of GTP by EF-G on mutant and wild type
ribosomes. The results of these studies provided evidence that suggests that the entire
LI 1 protein and, therefore, the structure of the LI 1BR is necessary for the functions and
interactions of the elongation factors with the ribosome. In addition, the absence of the
N-terminal domain of LI 1 inhibits the GTPase activity of the EF-G associated with
ribosome interactions.
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CHAPTER 2

Proximity of Elements of the GTPase-Associated Region on the
Large Subunit of Prokaryotic Ribosomes

40
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Introduction
The sarcin/ricin stem-loop (SRL), around nucleotides 2647-2674 (E. coli
numbering), is involved in interactions with the elongation factors EF-G and EF-Tu
during translation on the ribosome (72). The nuclease activity of the ribotoxin a-sarcin
and the N-glycosidic activity of the ribotoxin ricin in the terminal loop of the SRL
prevent association of these factors with the ribosome and inhibit factor-dependent steps
in translation (236). Together with ribosomal proteins L7/12, L10, LI 1, and the LI 1binding region of 23S rRNA, the SRL forms the factor binding and GTPase-associated
region (GAR) on the 50S subunit of prokaryotic ribosomes. Because each of these
components is involved in factor binding and/or GTPase activation, we hypothesized that
they form a functional unit with elements that are close in the tertiary structure of the
ribosome. To test this hypothesis, we utilized a chemical nuclease, the 1-10orthophenanthroline:Cu2+ complex, which was chemically tethered to a DNA
oligonucleotide probe with base complementarity to the SRL. After hybridizing the
probe to the SRL, we induced chemical cleavage of surrounding rRNA to identify those
regions that were within the reach of the tethered nuclease.
As the LI 1-binding rRNA region (LI 1BR) has also been implicated in factor
interactions on the ribosome, we hypothesized that this region would be proximal to the
SRL in the tertiary structure of the large subunit. Alternatively, these regions may be
distal in the tertiary structure of the ribosome and affect factor interactions with distinct
domains of the elongation factors. Upon scanning the length of the 23 S rRNA for
chemical cleavage from the hybridized probe we indeed found evidence for cleavage of
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the LI 1BR. In addition, we identified two elements, the 2530 stem-loop and the 2750
stem-loop regions, that were proximal to the SRL. Interestingly, when we added
thiostrepton, an antibiotic known to bind in the LI 1BR, we found that the chemical
cleavage induced from the SRL was attenuated, suggesting that binding of this antibiotic
may induce a significant conformational change in the region. Our results brought new
insight to the structure of the factor binding region of the ribosome and suggested an
inherent flexibility of the rRNA in this region.
Phenanthroline:Cu Mediated Cleavage o f Nucleic Acids

The nucleotytic activity of the redox-active phenathroline:Cu

(OP:Cu)

coordination complex against DNA was first discovered in 1979 (237). Since that time,
similar nucleolytic activity of a significant number of synthetic coordination complexes,
such as the ethylenediaminetetraacetic acid (EDTA):Fe2+ complex and the
porphyrin:Ni2+ complex have been described (for a review of chemical nucleases see
(238)). Cleavage of the DNA or RNA by the OP:Cu complex occurs if the copper
component is present in the complex as an highly oxidized species (229). This is
accomplished in a series of steps.
First, Cu2+ in the complex is reduced to Cu+ by the addition of a reducing agent to
the solution (commonly mercaptopropionic (MPA) or ascorbic acid are used). Next,
association of the phenathroline moiety with the nucleic acid localizes the complex to the
target DNA or RNA, preventing unproductive quenching of the reactive species by buffer
components and placing the Cu species in correct position and orientation to induce
scission of the nucleic acid. Association of the complex with nucleic acids can occur in
two ways. For double stranded DNA, a reduced bis phenanthroline-copper complex
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((OP)2Cu+), with two molecules of phenanthroline coordinating one copper ion (Figure
2.1) docks in a non-intercalative manner into the minor groove of the B-form DNA helix.
For RNA, the minor groove of the A form helix in single or double stranded RNA is too
shallow for docking of phenanthroline and, therefore, the phenanthroline-copper complex
is believed to intercalate between nucleobases in a single-stranded region that is strained

Phenanthioliiie( 1) :Cu(II)

o
II

Phemnthroline(2) :Cu(I)

N H -C -C H ,

//

Phenantlmjliiie(2) :Cu(II)

\ \ / /
-M

M

5-iodoacetainido-1,10-orthophenanthi'oline

Figure 2.1. Structure o f Phenanthroline and Complexes with Copper. The illustrations show the three
different coordination complexes o f phenanthroline and copper as well as the molecule (5-iodoacetamido1,10-orthophenanthroline) used to tether phenanthroline to biomolecules. The phenathroline(2):Cu(II)
complex shows a square-planar coordination while the phenanthroline(2):Cu(I) complex shows a
tetrahedral coordination configuration.

or bulged enough to accommodate it (239,240). In the last stage of OP:Cu-mediated
cleavage of nucleic acids, hydrogen peroxide, either produced endogenously from the
reduction of Cu2+, or added exogenously during the reaction, oxidizes the Cu+ component
I

*

to a highly reactive copper-oxo species such as [CuO] , [CuOH] , or Cu02H (229). It is
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this species that abstracts a hydrogen atom from the ribose (primarily C f hydrogen) or
deoxyribose (primarily CV hydrogen) in the minor groove. Figure 2.2 shows the
postulated mechanism for cleavage of RNA by phenanthroline:Cu2+. Abstraction of the
hydrogen atom generates a ribose-centered radical that is then oxidized by the bound
cupric complex to form a carbocation, followed by rearrangement and elimination to
produce the free base, 5-methylenefuranone, and free 5’- and 3’-phosphate termini.
When phenanthroline is tethered to a biomolecule for probing as in the present
study, it is generally utilized as the mono complex, with one phenanthroline molecule
tethered to the biomolecule and coordinating a copper ion (Figure 2.1). This form has
been found to be the most efficient for cleavage of RNA, possibly due to the preference
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R O jPO
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.O.

:0
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Figure 2.2. M echanism o f Cleavage of RNA by Phenathroline:Copper ((OP)n) (3). The proposed
reaction products are the free base, the cyclic lactone (5-methylenefuranone), and the 5 ’- and 3 ’- phosphate
termini.
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for intercalative binding rather than for association with the minor groove of DNA
(240,241).
Complementary DNA Probe-Directed Phenanthroline:Cu Cleavage o f 23S rRNA

Phenanthroline:Cu cleavage has become an important tool for elucidating the
translation machinery at the molecular level. The free phenanthroline:Cu2+ complex has
previously been used in structural studies of both tRNA and rRNA. Hermann and
Heumann used the bis complex, consisting of two 1,10-o-phenanthroline molecules
coordinating a single copper ion, to obtain structure and distance information between
nucleotides in folded tRNA-Phe (242). In the Hill lab,tethered phenanthroline has
previously been used as a tool for identifying the interactions of important factors with
the ribosome. For instance, mRNA and tRNA were synthesized with a single 4-thiouracil
at specific positions to serve as sites to attach 5-iodoacetamido-l,10-phenanthroline
(5IOP) and probe the proximity of rRNA when the derivatized factors were bound (243245). In more recent studies, Muth and colleagues used free and tethered
phenanthroline:Cu cleavage for structural studies of the ribosome (3,240,246,247). Free
phenanthroline:Cu cleavage was used to elucidate the structure of a functionally
important rRNA pseudoknot on the large subunit of ribosomes (240), and
phenanthroline:Cu tethered to DNA oligonucleotides complementary to rRNA was
utilized to both to probe conformational changes that occur in a transition between
inactive and active ribosomes (3), and to identify rRNA domains proximal to DNA
oligonucleotides with tethered phenanthroline :Cu2+ when they were hybridized to
specific positions on the ribosome (246).
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In this section of our study, we outline experiments that were carried out to
elucidate the position of the sarcin/ricin stem-loop (SRL) in relation to other domains of
rRNA on the large subunit of the prokaryotic ribosome. To do this, we localized a
tethered chemical nuclease to the SRL by hybridizing a complementary, derivatized
oligonucleotide to the domain. Using this approach, we were able to identify three
distinct rRNA elements in close proximity to the SRL in the tertiary structure of the large
subunit. In addition, we discovered a conformational change that occurs in one of these
domains, the ribosomal protein LI 1-binding domain, that undergoes a conformational
change in response to binding of the antibiotic, thiostrepton, at a proximal position. In
this way, the chemical nuclease, phenanthroline:Cu , proved to be a valuable tool for
uncovering both the static and dynamic characteristics of the ribosome.

Results
Design o f Complementary DNA Probes

DNA oligonucleotide probes were designed to localize the reactive
phenanthroline:Cu2+ group at or near the tip of the sarcin-ricin stem loop (SRL). The
probe that provided the best binding results for 50S subunits (Figure 2.4) was a probe
with complementarity to 23S rRNA residues A2654-G2664 and was designated the
Sarcin2654 probe. A mismatch probe the same length as the Sarcin2654 probe was also
designed with an unrelated sequence to use as a control during reactions (Table 2.1). The
Sarcin2654 and mismatch probes were checked for complementarity to any stretch in all
of the rest of 23 S rRNA, in all of 16S rRNA, and in 5S rRNA sequences. Each
oligonucleotide contained no more than five residues in a straight stretch complementary
to another region of rRNA and no more than 6 total residues in complementary positions
to rRNA outside of the SRL.
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Table 2.1. DNA Oligonucleotides for Sarcin/Ricin
Domain Probing
Designation

Probe/rRNA Sequence
5’-HO- C C T C T C G T A C T - P(S)-3’

Sarcin2654

3’-(2664)- G G AG A G C A U G A - (2654)-5’

Sarcin2654-phosphate

5’- H O - C C T C T C G T A C T - P-3’
3’-(2664)- GGA G A G C A U G A - (2654)-5’
5’-HO- G C T G T T G T G AT - P(S)-3’

Sarcin2654-mismatch

P = phosphate group (PO 3 ) ; P(S) = phophorothioate group (PO 2 S ) ; HO = 5 ’-hydroxyl group; C =
cytidine; T = thymidine; U = uridine; G = guanosine; A = adenosine. Numbers in paranthesis are the 23S
rRNA residue numbers (E. coli numbering).

Synthesis and Purification o f Probes

DNA oligonucleotide probes were prepared as described in the experimental
section on an Applied Biosystems, Incorporated (ABI) DNA synthesizer using standard
automated phosphoramidite synthesis methods (248) for incorporation of nucleosides. 3’
-phosphates were incorporated by starting synthesis with a phosphate column. Where
appropriate, a reagent was used to convert the 3’- phosphite intermediate group to a
phorphorothioate (PO2S) during synthesis (see MATERIALS AND METHODS section
for details). In addition to the complementary oligonucleotide, an oligonucleotide with
3’- phosphates only (Sarcin2654-phosphate) and the same sequence as the probe, and an
oligonucleotide with an unrelated sequence (Sarcin2654-mismatch), but synthesized in
the same manner (mismatch control) were synthesized for use as controls.
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Reaction o f Phenanthroline with DNA Oligonucleotides

To attach phenanthroline to DNA oligonucleotides, we utilized the reaction first
reported by Helene (249). Here, the thiophosphate sulfer anion nucleophile on the
oligonucleotide displaces iodine from the ce-haloamide group of 5-iodoacetamido-l,10phenanthroline (5IOP) (Figure 2.1).
Attachment of the phenanthroline moiety to the phosphorothioate oligonucleotides was
accomplished under conditions optimal for solubility of the hydrophobic phenanthroline
and hydrophilic oligonucleotide reactants (1:1, DMSO: water). Efficiency of the
phenanthroline attachment was checked through the use of affinity polyacrylamide gel
electrophoresis (PAGE) with the addition of [(N-acryloylamino) phenyl]mercuric
chloride (APM) before polymerization (5). This allowed covalent immobilization of the
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Figure 2.3. Coordination o f a Phosphorothioate by Immobolized M ercury. R , represents the gel
matrix. R or R 2 represent the oligonucleotidenucleotide. Adapted from Igloi (5).

mercury derivative in the PAGE gel for interaction with phosphorothioate
oligonucleotides via a square planar coordination complex during electrophoresis (Figure
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2.3). As derivatized phosphorothioates or oligonucleotides with terminal phosphates are
not coordinated by the mercury derivative, comparison of the retardation of
phenanthroline-derivatived and non-derivatized oligonucleotides on APM gels allowed us
to estimate the efficiency of attachment of the phenantholine moiety to oligonucleotides.
Figure 2.4 shows an APM gel run with a time titration for the phenanthrolinederivatization of the Sarcin2654 oligonucleotide. The reaction was essentially complete
at the earliest time point (30 minutes) after the addition of 5IOP to the phosphorothioate
oligonucleotide. Electrophoresis of underivatized oligonucleotide (lane 1) is retarded
while electrophoresis of the derivatized oligonucleotide (lanes 2-4) and the the
Sarcin2654-phosphate probe (lane 5) is not. The addition of the phenanthroline group to

1

2

3

4

5

Figure 2.4. Analysis o f Derivatized Oligonucleotides. The figure shows an [(N-acryloylamino)
phenyl]mercuric chloride-12% polyacrylamide gel (APM-PAGE) with a time titration for the reaction o f
5-iodoacetamido-l,10-orthophenanthroline (5IOP) with the 3 ’-phosphorothioate Sarcin2654 DNA
oligonucleotide. (1) 3 ’-phosphorothioate probe without added 5IOP; (2) 30 minute reaction o f 5IOP with
phosphorothioate probe; (3) 1 hour reaction o f 5IOP with phosphorothioate probe; (4) 2 hour reaction o f
5IOP with phosphorothioate probe; (5) 3 ’-phosphate probe.
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the Sarcin2654 oligonucleotide is detectable as a difference in the electrophoretic
mobility of the derivatized oligonucleotide and the Sarcin2654-phosphate probe. An
additional product, barely detectable to the naked eye and larger than the primary
product, appeared after the reaction for each sample. Based on the persistence of this
contaminating band and the need to remove unreacted 5IOP from reaction mixtures, we
utilized HPLC of the reaction products to isolate derivatized oligonucleotides. The
indicated peaks were collected, were dried down, and were resuspended in buffered
solution for use in probing experiments. From UV spectroscopy of the isolated products,
we determined that about 65-85% of the phenanthroline-derivatized product was
collected after the reaction and purification procedures (data not shown).
Binding o f Derivatized Oligonucleotides to 50S subunits

The next step in probing with the phenanthroline-derivatized probes was to
determine the binding of the oligonucleotides to their target sequence on the large subunit
of the ribosome. To do this, we used nitrocellulose filter binding assays with
radiolabeled oligonucleotides. Derivatized oligonucleotides were 5’-radiolabeled using
polynucleotide kinase exchange (see experimental methods for specifics). The
radiolabeled oligonucleotides were purified and annealed to 50S subunits and the percent
binding was determined based upon retention of radioactivity on nitrocellulose filters.
Figure 2.5 shows the results of nitrocellulose filter binding assay with increasing amounts
of radiolabeled Sarcin2654 probe added to 50S subunits and a second, competition
assay, that includes binding of a constant amount of radiolabeled Sarcin2654 probe (10
uM— 10:1 probersubunit ratio) incubated with an increasing amount of unlabeled
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Figure 2.5. Binding o f SRL-Directed Oligonucleotides to 50S Subunits. 50S subunits (0.5 pM) were
incubated with increasing amounts o f SRL-direct, radiolabeled probes, were filtered through nitrocellulose
filters, and % binding was determined from scintillation counting o f dried filters. For the competition
assay, 50S subunits (0.5 pM ) were incubated with radiolabeled Sarcin2654 (10 pM ) and increasing
amounts o f unlabeled Sarcin2654-phosphate probe.

Sarcin2654-phosphate probe. The specificity of the binding was determined by two
methods. First, we added increasing amounts of unlabeled, non- derivatized probe
(Sarcin2654-phosphate) to reactions and determined the effect on binding. Second, we
utilized the enzyme RNaseH to determine the localization of probe binding.
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The percentage of 50S subunits with bound oligonucleotide saturated at levels
around 18% for the Sarcin2654 probe. These results are consistent with those of
Muralikrishna et al. (204), that showed -20% binding of a slightly longer probe directed
to the same region of the large subunit. The reason that targeted oligos do not reach a
level approaching 100% binding, even at ratios of probe:subunit as high as 50:1 (a level
where non-specific binding to related sequences becomes favorable), is not well
understood, but is documented for oligonucleotide probing of both subunits
(204,205,250,251). When the 50S subunits were combined with purified 30S subunits
and were tested for activity in binding Phe-tRNAPhe in the P site, they were found to be
greater than 40% active (data not shown), suggesting that the population of subunits does
not consist of a majority of inactive particles. Also, when rRNA is extracted from the
50S subunits, it can be resolved into 2 distinct bands, identified as 5S and 23S rRNA, by
PAGE gel analysis (data not shown), indicating that the rRNA is not significantly
degraded during isolation of the subunits. It is possible that the character of the subunits
themselves prevents efficient binding. The compact structure of the rRNA and protein in
the subunits and the negative phosphate backbone charge of the oligonucleotide may
make the approach of macromolecules the size of DNA oligonucleotides less favorable.
Although studies at higher temperatures, under different ionic conditions, and with longer
incubation times have been done (251,252), they still did not reach levels approaching
100%.

Probe-Directed Phenanthroline-Cu2+ Cleavage o f rRNA in the Sarcin/Ricin Domain

In order to explore the rRNA environment around the SRL, we hybridized the
phenanthroline-derivatived Sarcin2654 probe in the presence of Cu2+ and reducing
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reagent (MPA). The tethered phenanthroline:Cu2+complex could then intercalate into
surrounding rRNA structures and induce strand cleavage detectable by primer extension
analysis (Figure 2.6). The results for the sarcin/ricin domain region indicated that
increasing amounts of derivatized probe induce cleavage around positions A2654 and
G2655 near the 3’-end of the hybridized probe and around positions A2749-A2753 in the
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Figure 2.6(A). Sarcin2654 Probe-Directed Cleavage of rRNA in the Sarcin/Ricin Domain. Cleavage
o f rRNA was induced from phenanthroline :Cu2+ conjugated to the 3’-end o f the DNA probe hybridized to
50S subunits (0.5 pM). (G), G sequencing lane; (A), A sequencing lane; (1), 50S control without
conjugated probe; (2), extracted rRNA cleavage induced by conjugated probe (10 pM ); (2), 50S subunits
(0.5 pM) rRNA cleavage induced in the presence o f the Sarcin2654-mismatch conjugated probe (20 pM);
(3), 50S subunits (0.5 pM ) rRNA cleavage induced in the presence o f conjugated Sarcin2654 probe (0.5
pM); (4), 50S subunits (0.5 pM ) rRNA cleavage induced in the presenceof conjugated Sarcin2654 probe
(2.5 pM); (5), 50S subunits (0.5 pM ) rRNA cleavage induced in the presence o f conjugated Sarcin2654
probe (5 pM); ( 6 ) 50S subunits (0.5 pM ) rRNA cleavage induced in the presence o f conjugated Sarcin2654
probe (10 pM); (7), 50S subunits (0.5 pM) rRNA cleavage induced in the presence o f conjugated
Sarcin2654 probe (20 pM); ( 8 ) RNase H cleavage o f 50S subunits (0.5 pM) in the presence o f conjugated
Sarcin2654 probe (10 pM). Specifics for the probing conditions are described in M aterial and Methods.
(B). Conjugated probe-induced cleavages of 50S subunit rRNA. Positions o f induced cleavages are
indicated on the secondary structure representation o f the sarcin/ricin domain o f 23 S rRNA. Black arrows
represent probe-nduced cleavages; yellow arrows represent RNase H-induced cleavages in the presence o f
probe.
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2750 stem-loop region (Figure 2.6; lanes 4-7). However, when a similar amount of
derivatized Sarcin2654-mismatch probe was incubated with the derivatized probe, no
cleavage of rRNA in this domain was detected (lane 3). When hybridized to rRNA from
50S subunits with the ribosomal proteins previously extracted (lane 2), the probe induces
a similar but more robust pattern of cleavage around the SRL. However, no cleavage of
the extracted rRNA was induced by the derivatized probe in the region of the 2750 stemloop (lane 2). This result indicates that the rRNA may adopt a different tertiary structure
in the absence of ribosomal proteins that prevents the hybridized probe-conjugated
phenanthroline:Cu2+ from interacting with the 2750 stem-loop.
Finally, as a second control for probe binding, we localized RNase H cleavage of
50S subunits in the presence of derivatized probe RNase H cleavage. RNase H is a
bacterial endoribonuclease that specifically hydrolyzes the phosphodiester bonds of RNA
that is hybridized to DNA. Therefore, we expected cleavage of rRNA at the location of
DNA probe hydridization to 50S subunits. Figure 2.6 also shows the results for RNase H
cleavage on 50S subunits incubated with derivatized Sarcin2654 probe. RNase Hinduced cleavage occurs at residues G2659-G2653 (Figure 2.6A, lane 8; Figure 2.5B).
As indicated in an earlier study of the activity of this enzyme (253), cleavage occurs
primarily at the 3’-end of the RNA segment complementary to the DNA probe. In
contrast to suggestions from that study, cleavage of the hybrid structures occurs
efficiently within a hairpin structure of the rRNA around positions G2659-G2664 (Figure
2.6B). This difference may be attributable to the effects on the stability of the stem-loop
of the combination of the terminal GNRA tetraloop (2659-2662) and the internal loop
(U2653-G2655:C2667-C2668) (Figure 2-5c) that form part of the structure, and the
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Figure 2.7(A). Sarcin2654 Probe-Directed Cleavage of rRNA Outside the Sarcin/Ricin Domain.
Cleavage o f rRNA was induced from phenanthroline:Cu2+ conjugated to the 3 ’-end o f the DNA probe
hybridized to 70S ribosomes (0.5 pM). (G), G sequencing lane; (A), A sequencing lane; (1), 70S control
without conjugated probe; (2), extracted rRNA cleavage induced by conjugated probe (10 pM ); (2), 70S
ribosome (0.5 pM ) rRNA cleavage induced in the presence o f the Sarcin2654-mismatch conjugated probe
(20 pM); (3), 70S ribosome (0.5 pM ) rRNA cleavage induced in the presence o f conjugated Sarcin2654
probe (0.5 pM); (4), 70S ribosome (0.5 pM ) rRNA cleavage induced in the presenceof conjugated
Sarcin2654 probe (2.5 pM); (5), 70S ribosome (0.5 pM ) rRNA cleavage induced in the presence o f
conjugated Sarcin2654 probe (5 pM); ( 6 ) 70S ribosome (0.5 pM) rRNA cleavage induced in the presence
o f conjugated Sarcin2654 probe (10 pM); (7), 70S ribosome (0.5 pM ) rRNA cleavage induced in the
presence o f conjugated Sarcin2654 probe (20 pM); ( 8 ) RNase H cleavage o f 70S ribosome (0.5 pM ) in the
presence o f conjugated Sarcin2654 probe (10 pM). Specifics for the probing conditions are described in
Material and Methods. (B). Derivatized probe-induced cleavages o f 70S ribosome rRNA. Positions
o f induced cleavages are indicated on the secondary structure representation o f the 2530 stem-loop domain
and the LI 1-binding domain o f 23 S rRNA. Black arrows represent the positions o f probe-induced
cleavages.

results are consistent with the susceptibility of this domain to melting of the stem as
noted by Meyer et al. (250). As indicated by our results, this instability must make this
structure amenable to hybridization with the derivatized probe.
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Probe-Directed Cleavage o f rRNA in Regions Outside the Sarcin/Ricin Domain

To ascertain what regions of rRNA might be proximal to the SRL, we performed
reverse transcriptase primer extension analysis of rRNA extracted from 50S subunits that
were probed with the derivatized Sarcin2654 probe. Upon “walking” the entire 23S
rRNA with extension primers, we discovered two regions outside of the SRL domain
where cleavage of rRNA was reproducibly induced by the presence of the derivatized
probes. Cleavage was induced at rRNA residues in the 2550 stem-loop in domain V of
23S rRNA and in the LI 1-binding region of rRNA (-1050-1105) in domain II of 23S
rRNA. Figure 2.7 shows results for derivatized-probe directed cleavage of these two
regions. Cleavage of the 2530 stem-loop from the Sarcin 2654 probe is localized to
U2533-A2534 in the terminal loop (Figure 2.6B). Cleavage in the loop region is
consistent with the necessity of the phenanthroline :Cu2+ complex to bookmark in single
stranded and “strained” regions of RNA to induce cleavage (240,254).
Cleavage of the LI 1-binding region from the hybridized Sarcin2654 probe is
localized to G1071-G1074. These residues are localized on one face of the tertiary
structure of the LI 1-binding domain (Figure 2.7), at the junction where the two stemloops (that containing A 1067 in the loop and that containing A 1095 in the loop) fold
together. These cleavages also occur in a loop region with a structure that “presents” the
susceptible residues for association with the phenanthroline :Cu2+ complex.
Protection o f Lll-Binding rRNA Cleavage by Thiostrepton

Based upon the cleavage we observed from the SRL to the LI 1-binding region
and the previous results relating modifications in the SRL and changes in the structure of
the LI 1-binding region, we then asked if the binding of thiostrepton in the LI 1-binding
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region might change our probing results for that region. To ascertain the effects of
thiostrepton on cleavage, we added the antibiotic to 50S subunits and probed them with
the derivatized SRL probe. The results (Figure 2.8) indicated that the presence of the
antibiotic protects the region of 23S rRNA around nucleotide G1071 from cleavage
directed by the SRL-bound probe.

A1067
G1071

Figure 2.8 Thiostrepton Protection of Cleavage in the LI 1-Binding Region. Cleavage o f rRNA
was induced from phenanthroline:Cu2+ conjugated to the 3 ’-end o f the DNA probe hybridized to 50S
subunits (0.5 pM). (G), G sequencing lane; (A), A sequencing lane; (1), 70S control without
conjugated probe; (2), 50S subunits incubated with un-derivatized Sarcin2654 probe and otherwise
treated as in experimental lanes; (3), 50S subunits incubated with 10 pM Thiostrepton and
underivatized Sarcin2654 probe and otherwise treated as in experimental lanes; (4), 50S subunits
probed with the derivatized Sarcin2654 probe (conditions as in Figures 2.5 and 2.6 above); (5), 50S
subunits incubated with 10 pM thiostrepton before probing with the derivatized Sarcin2654 probe; ( 6 )
50S subunits probed with the derivatized Sarcin2654 probe as above; (7), 50S subunits probed by first
hybridizing derivatized probe, then incubating with 10 pM thiostrepton, then inducing cleavage
(adding MPA).

Discussion
Proximity o f rRNA Residues to the Sarcin/Ricin Domain

The results of our directed probing studies allow us to define regions of the rRNA
that are proximal in the tertiary structure of the large subunit of 70S ribosomes. From
these results, we found that at least three regions of 23S rRNA that are distal from the
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SRL in the secondary structure of the large subunit are proximal when the 23 S rRNA
folds into the tertiary structure of the ribosome. From knowledge of the length of the
phenanthroline:Cu2+ complex and its tether to the hybridized probe, we can estimate the
distance between the hybridized probes and these regions to be between 15 and 20
angstroms (A).
Agreement o f Probing Data with the Published Crystal Structures o f Large Subunits

Near the conclusion of our probing studies, several high-resolution crystal
structures of large ribosomal subunits were published that allowed us to judge the
reliability of the directed probing for estimating the proximity of elements on the
ribosome. Although the emergence of the crystal structures precluded publication of our
data, the published structures confirmed that our probing studies accurately predicted the
proximity of the rRNA elements. Figure 2.9 shows a model of the 50S subunit from
Deinococcus radiodurans (180) with SRL identified along with the elements of rRNA
identified in our study.
Some interesting points emerge from our data as well. First, the paucity of
cleavage induced to each region when the derivatized probe is hybridized to 23 S rRNA
with the ribosomal proteins extracted suggests that the rRNA adopts a structure in this
state that is distinct from the intact subunit. This change could be due to melting of the
structure of the rRNA in the absence of ribosomal proteins. Stabilization of tertiary
rRNA structure by ribosomal proteins has been previously documented in biophysical
studies of rRNA with proteins extracted (255,256).
The crystal structure of the large subunit from Haloarcula marismortui was
recently determined to 2.4 A resolution. Analysis of this structure revealed that the
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regions of the 23 S rRNA, including the SRL and LI 1-binding domain, that are believed
to interact with translation factors interact with a higher than average concentration of
ribosomal proteins (257). The ribosomal proteins interacting in these regions include L6,
LI4, and L3 that interact with the SRL domain and LI 1 and the pentameric stalk complex
(L10(L7/L12)2 that interact with the LI 1-binding domain. These extensive interactions
also suggest a strong dependence of the rRNA structure on interactions with ribosomal
proteins.
Cleavage from the bound probe to the 2530 loop of 23S rRNA can be rationalized
by the proximity of the SRL and this stem-loop in the crystal structures of 50S subunits.
If we estimate the distance in the crystal structures between the backbone of 23 S rRNA
residue A2654, the residue that would be adjacent to the derivatized 5’-end of the bound
oligonucleotide in a presumed rRNA:DNA double helix, and the backbone of the rRNA
cleaved in the 2530 loop, we find that the it falls within the 15-20 A threshold
(approximately 18 A) for the “reach” of the bound phenanthroline:Cu2+. However, when
we estimate the distance between the backbone at A2654 and the residues in the 2750
loop and the LI 1-binding rRNA that are cleaved, we find that the values are greater than
twice the distance we would expect for efficient cleavage (-48 A and -50 A
respectively). These discrepancies suggest one of the following scenarios. First,
formation of the helix between the DNA oligonucleotide probe and the SRL rRNA can be
expected to change the structure and/or orientation of the SRL domain relative to the rest
of the subunit, potentially placing the bound end of the probe in closer proximity to these

59

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Figure 2.9 Crystal Structure o f the 50S Subunit. Pictured is the crystal structure o f the 50S subunit
from Deinococcus radiodurans (180). On the left is the entire structure as seen from the subunit interface
view (rRNA is in shown in orange backbone representation and ribosomal proteins are shown in grey
backbone representation. The stem-loops identified in the probing studies are colored for clarity. Red,
SRL; blue, 2530 stem-loop; green, LI 1-binding rRNA; purple, 2750 stem-loop. On the right is a blown-up
view o f the region around the SRL with the same coloring scheme and with the surrounding rRNA omitted
for clarity. The position o f the residue opposite the phenanthroline:Cu2+ complex when the derivatized
probe is bound is colored yellow on the SRL. Residues that are cleaved by the bound, derivatized probe in
each different region are colored black. The position o f ribosomal protein L6 is shown in grey.

regions. Efficient cleavage of the three regions would be possible if the binding of the
oligonucleotide induced the SRL to fold closer to the rRNA pocket formed between the
2530 loop, the 2750 loop and the LI 1-binding rRNA domain (Figure 2.9). Judging from
the crystal structure of the 50S subunit, such folding would be prevented by the presence
of ribosomal protein L6 and would only be possible if the L6 interaction with the SRL is
disrupted by probe binding. As L6 interacts with residues in the terminal loop of the
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SRL, it is possible that these interactions are disrupted, allowing the prescribed
movement of the SRL.
A second possibility requires that binding of the oligonucleotide to the SRL
induces changes in the structure of the rRNA in the regions cleaved by bound
oligonucleotide, moving them closer to the bound probe. This possibility is supported by
several previous studies. In one, the authors found that binding of the antibiotic
thiostrepton to the LI 1-binding region induces a change in the structure of the 5OS
subunit that protects the SRL from the action of the ribotoxin, a-sarcin (234). Such
protection could result from a thiostrepton-induced shift of the LI 1-binding domain
toward the SRL region, sterically blocking the approach of the ribotoxin to the SRL. In
another study, the depurination activity of the ribotoxin ricin at the SRL on large subunits
from eukaryotic ribosomes induced structural changes in the stem-loop equivalent to the
2530 loop on prokaryotic ribosomes (258). This suggests potential conformational
coupling between the SRL and 2530 stem-loop domain. However, no studies have been
done that specifically link DNA oligonucleotide binding in the SRL to structural changes
in these domains.
Alternatively, longer probing distances would result if the tethered chemical
nuclease produces a species such as a hydroxyl radical that diffuses from the hybridized
position of the probe and produces rRNA lesions outside of the range of the tether.
Under anaerobic conditions, reduction of the phenanthroline:Cu2+ complex results in the
production of hydrogen peroxide in situ (259), and the addition of exogenous peroxide
enhances the cleavage reaction (3,237). These observations led to the suggestion that the
hydrogen peroxide produced in the reaction or added exogenously oxidizes the reduced
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Cu+ chelated by phenanthroline, leading to the production of hydroxide anion and
diffusible hydroxyl radicals (Eq. 2.1) (260).

OPCu+ + H20 2

->

OPCu2+ +

"OH

+ • OH (Eq. 2.1)

However, the authors of a kinetic study of the phenanthroline :Cu+ reaction with
hydrogen peroxide found that the rate of the reaction between the generated reactive
species and the subustrate was much slower than those involving production of a
hydroxyl radical (261), and significant evidence exists in favor of the formation of a
high-valent copper-oxo species that remains chelated by phenanthroline (262-264).
Recently, we addressed the question of the production of a diffusible reactive
species during the phenanthroline:Cu2+ reaction by comparing hybridized complementary
oligonucleotide-directed cleavage of 16S rRNA by oligonucleotides with either tethered
phenanthroline:Cu2+ or tethered EDTA:Fe2+, a known producer of hydroxyl radicals
(265). This paper is presented in this study in Appendix A. In this study, delocalized
16S rRNA cleavage mediated by the tethered EDTA:Fe2+ complexes suggested the
involvement of a diffusible reactive species, while cleavage mediated by the tethered
phenanthroline :Cu2+ complex was localized to the proximity of the tethered nuclease
under normal reaction conditions. However, diffuse tethered phenanthroline:Cu2+mediated cleavage did occur with the addition of exogenous hydrogen peroxide when the
reaction time was prolonged. The mechanism for the diffuse phenanthroline:Cu2+mediated cleavage with added peroxide and prolonged reaction times is unknown, but
Muth et al. have suggested that, under these conditions, the tethered nuclease may cleave
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the backbone of the hybridized DNA probe near the tethering point. Conceivably, this
would produce a diffusible fragment of a few DNA nucleotides and the tethered nuclease
that could explain the resulting diffuse cleavage pattern (266).
A final, and possibly more likely explanation for the discrepancy in the “reach” of
the SRL-bound oligonucleotide is that the derivatized 5’-end of the oligonucleotide
reversibly dissociates from the rRNA when bound to the SRL. This possibility is
supported by the fact that our RNase H studies of probe binding do not detect formation
of the rRNA:DNA duplex between the DNA oligonucleotide and positions A2654-C2658
on the SRL (Figure 2.5). If only the 5’-end of the probe hybridizes to the rRNA in the
SRL, the length of the reach of the phenanthroline:Cu2+ complex would be increased by
the flexible length of the five residues on the 3’-end of the probe. If we calculate this
length on the basis of 3.4 A per residue in a B-form DNA helix, it could add as much as
17 A to the reach of the phenanthroline :Cu2+ complex, and it would make the anchor
point for the probe the tip of the SRL around position G2659. This would place each
region of the rRNA cleaved by the derivatized probe within the reach of the hybridized
probe.
These probing results place the SRL and LI 1BR rRNA, two highly conserved
regions of 23 S rRNA that are separated by substantial distances in the secondary
structure of 23S rRNA(Figure 1.9), in close proximity on the large subunit of prokaryotic
ribosomes. Although this was one of the first biochemical studies that directly linked
these two regions in the tertiary structure of the large subunit rRNA, publication of these
results was precluded by the emergence of the high resolution x-ray crystal structures of
the large subunit near the completion of the probing analysis.
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Protection o f the L I 1-Binding Region by Thiostrepton

Previous chemical modification protection probing of this domain indicated
specific residues that were protected by thiostrepton binding (143). These included
A1067, G1068, A1095, and A1070. Our study has uncovered three new residues, G1071,
C1072, and A1073, that thiostrepton protects. In this case, binding of the antibiotic
appears to change the structure of this region of the rRNA in such a manner as to make it
less susceptible to cleavage by the Sarcin2654 probe bound at the SRL. It may either
“tighten” the structure of the junction between the two stem-loops in the LI 1-binding
region (Figure 1.10), or it may induce a shift in the position of the whole domain relative
to the subunit.
Discovery of a potential structural change in the LI 1-binding domain upon
thiostrepton binding prompted us to examine whether this structural change might be
related to the function of the LI 1-binding rRNA on the ribosome. Our experiments to
elucidate the role of the LI 1-binding rRNA in the function of the ribosome are detailed in
Chapters 3 and 4.

Materials and Methods
Subunit Preparation

Ribosome were prepared from the RNase deficient Esherichia coli strain
MRE600 using a protocol developed in our laboratory (267,268). A 250 mL culture of
bacteria was used to inoculate 10 L of Luria broth at 37° C and was grown with agitation
and aeration to early log phase (optical density of 0.5 at 600 nm). The culture was then
concentrated on a Millipore pelican filtration harvester and pelleted by centrifugation at
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10.000 rpm for 10 minutes at 4° C in a Sorvall GSA rotor. Concentrated bacteria were
frozen at -80° C in preparation for isolation of ribosomal subunits.
For subunit isolation, 20 g of frozen bacterial cells were mixed with 30 g of sterile
alumina and were ground at 4° C with a mortar and pestle for one hour. At the end of the
grinding period, 20 mL of buffer (10 mM Tris-Cl, pH. 7.5, 0.5 M NH4CI, and 10 mM
MgCh, 3 mM /3-mercaptoethanol) was added to resuspend the grindate. The solution was
then centrifuged at 10,000 rpm in a Sorvall SSW34 rotor at 4° C to remove cell debris
and alumina. To remove smaller debris, the supernatant from the first centrifugation was
centrifuged at 28,000 rpm in a Beckman Ti70 rotor at 4° C for 30 minutes. Ribosomes
were pelleted from the supernatant by centrifugation at 60,000 rpm in a the Ti70 rotor at
4° C for 2.5 hours. The pellets were washed with 30/50 buffer (10 mM Tris-Cl, pH 7.5,
60 mM KC1, and 1.5 mM MgCE) and were resuspended in the same buffer (~4 hr at 4°
C). The 28,000 rpm and 60,000 rpm centrifugation steps were repeated one extra time to
remove residual debris.
To isolate 50S subunits, the pellets from the second 60,000 rpm centrifugation
step were dissolved in 22.5 mL of 30/50 buffer with 5%, diethylpyrocarbonate (DEPC)treated sucrose. The solution was loaded onto a Beckman Til4 rotor with a linear 1038% sucrose gradient in 30/50 buffer, a 100 mL overlay of 30/50 buffer, and a 50%
sucrose cushion (30/50 buffer) for zonal centrifugation. After 4 hours of centrifugation at
45.000 rpm, the gradient was unloaded and the solution was monitored by UV
absorbance at 280 nm for the appearance of 30S and 50S subunit peaks. The 50S
subunits were recovered by pooling the appropriate, non-overlapping peak fractions and
centrifuging them at 60,000 rpm in a Ti70 rotor at 4° C overnight, resupending the pellet
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in cleavage buffer (20 mM HEPES, pH. 7.7, 60 mM NH4CI, 30 mM KC1, and 10 mM
MgC^), and dialyzing the solution overnight in the same buffer with 2 buffer changes to
remove residual sucrose. The isolated 50S subunits were aliquoted and stored at -80° C
for later use in probing experiments. The concentration of the subunits was assessed by
checking the UV absorbance of the sample at 260 nm and calculating the concentration
using an extinction coefficient of 26.1
Synthesis o f 3 ’-Phorphorothioate DNA Oligonucleotides

An 11-mer oligonucleotide (Sarcin 2654) was designed to be complementary to
nucleotides 2654-2664 of 23S rRNA and contained the sequence shown in Table 2.1. It
was synthesized with a 3'-phosphorothioate group and a 5'-hydroxyl group for tethering
of 5-iodoacetamido-l,10-orthophenanthroline (5IOP) using phosphoramidite chemistry
on an ABI 394 DNA/RNA synthesizer using the following procedure. A 3'-phosphate
was incorporated using a 3'-phosphate control-pored glass (CPG) column (Glen
Research; Sterling, Virginia) that was oxidized after the first step of synthesis using
sulfurizing reagent (3H-l,2-benzodithiol-3-one 1,1 dioxide) from the manufacturer (Glen
Research). The normal base synthesis step was interrupted at the coupling stage, which
was increased to 6 minutes. After coupling, the capping step was omitted and the
oxidizing step was continued with sulfurizing reagent (Glen Research) replacing the
normal oxidizer. Synthesis of the sequence: 3'-TCATGCTCTCC-5’-OH' was then
carried out using normal phosphoramidite chemistry. The oligonucleotide was cleaved
from the solid support without removal of the 5 ’-trity1group for further purification.
The full-length product was purified from smaller contaminating termination
sequences using reversed-phase-HPLC and a 0.5 M ammonium acetate/100% acetonitrile
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gradient. The peak containing the full-length oligonucleotide with the protecting trityl
group was collected, lyophilized and resuspended in HPLC-grade water. Deprotection of
the purified oligonucleotide by removal of the trityl protecting group involved treatment
at 65° C in 25 mM NfUOH/ethylamine solution for 10 minutes. After deprotection, the
oligonucleotide was precipitated and resuspended in water to derivitization.
510P Modification o f Oligonucleotides

For modification of the 3'-phosphorothioate oligonucleotide, 50 nmoles of 5iodoacetamido-l,10-phenanthroline (5IOP) (Molecular Probes) in DMSO were added to
10 nmoles of 3'-phosphorothioate oligonucleotide (5’-P(S)-Sarcin2654) in a solution of
100 pL of 1:1 DMSO:HPLC-grade water. The reaction mixture was then incubated at
room temperature in the dark for 60 minutes and was immediately lyophilized. The
pellet was resuspended in 100 pL of a 0.5 M ammonium acetate and derivatized
oligonucleotides were separated from underivatized oligonucleotides and excess 5IOP by
reverse-phase HPLC on a 0.5 M ammonium acetate/100% acetonitrile gradient. Purified
oligonucleotides were precipitated, resuspended in water, and the resulting concentration
was determined by UV spectrophotometry and an extinction coefficient of 0.0854
AU*pmole' 1plus the contribution of the attached phenanthroline (0.032 AU*pmole’1).
The derivatized oligonucleotide was stored at -80° C for later use in probing experiments.
PAGE and APM/PAGE Analysis o f Derivatized Oligonucleotides

Gel electrophoresis analysis was used to determine the efficiency of the
derivatization reactions. For this, 500 pmol of derivatized or underivatized
oligonucleotides were dissolved in 5 pi of gel loading buffer (7 M urea, 20 mM EDTA,
0.05% xylene cyanol, 0.05% bromophenol blue) and loaded on a 15% acrylamide
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denaturing gel with or without 0.01 mg'nil' 1 [(N-acryloylamino) phenyljmercuric
chloride (APM was synthesized in our lab by G. Muth) and run for 20 minutes at 20 mA
constant current on a 10 cm x 10cm x 0.5 mm gel (approximately 35 V/cm at the
beginning of the run). Bands were visualized by staining with methylene blue. On an
APM gel, molecules bearing a 5’- or 3’-thiol group are markedly retarded in their
migration (5). Thus oligonucleotides bearing unreacted phosphorothioate groups display
much slower migration relative to the same oligonucleotides that were successfully
derivatized. Typically the derivatization with or 5IOP was essentially quantitative (see
Figure 2.4).
5 ’-End Labeling o f Derivatized Oligonucleotides

The derivatized DNA oligonucleotides were 5’-end labeled by utilizing the
polynucleotide kinase reaction. For derivatization, 10 nmoles of derivatized DNA
oligonucleotide was incubated with 30 units of T4 polynucleotide kinase (Amersham
Biosciences) and 1 nmoles of [y-32P]-ATP (New England Biolabs-3000 Ci/mmol) in the
reaction buffer supplied by the manufacturer. The mixture was incubated for 30 minutes
at 37° C and the reaction was terminated by heating the solution to 65° C for 15 minutes.
Unreacted ATP was removed from the solution using a G-25 biospin chromotagraphy
column (Biorad).
Binding o f Derivatized DNA Oligonucleotides to 50S Subunits

Binding reactions were carried out in 50 pL cleavage buffer by the addition of
increasing concentrations (0.5-50 pM) of radiolabeled, derivatized DNA probes to a
solution of 1 pM 50S subunits. The 50S subunits were pre-incubated to 37° C, probe was
added, and incubation was continued for 15 minutes. Following the 15 minute
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incubation, the subunit:probe reactions were placed on ice for 1 hour. After 1 hour on
ice, the solutions were diluted to 1 mL with cold cleavage buffer and were immediately
filtered over presoaked 0.45 pm nitrocellulose filters (Millipore) under vacuum. The
filters were washed 3 times with cold cleavage buffer and dried under vacuum. When
completely dry, the radioactivity that remained on the filters was quantified in liquid
scintillant on a Packard scintillation counter. The percentage of 50S with bound was
calculated from the predetermined amount of radioactivity per picomole of radiolabeled
oligonucleotide probe. For competition experiments, increasing amounts of unlabeled
Sarcin2654-phosphate probe (50-500 pM) were added to the subunit:probe (10 pM probe
reaction) complex just prior to the incubation on ice and the experiments and analysis
were carried out otherwise the same as above.
Probing SOS subunits with Complementary, Derivatized Oligonucleotides

Cleavage reactions with the phenanthroline-derivatized probe were carried out in
25 pL of cleavage buffer by combining 25 pmoles of 50S subunits with increasing
amounts (2.5-20 pM) of derivatized Sarcin2654 probe in the presence of a concentration
of CuSCL equal to that of the probe. When thiostepton (10 pM) was added, it was added
to 50S subunits either before or after the introduction of derivatized probe and the
solution was incubated at 37° C for 15 minutes to induce binding of the antibiotic to the
subunits. The mixtures were incubated at 37° C for 15 minutes and placed on ice.
Cleavage was induced by the addition of 1 mM mercaptopropionic acid (MPA) to the
solution on ice and was allowed to continue for 1 hour. The cleavage reaction was
quenched by the addition of 100 pL of precipitation buffer (70% ethanol, 8.4 mM
NaOAc, pH 6.5, and 0.8 mM EDTA) followed by precipitation at -80° C for 15 minutes
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and centrifugation at 13,000g for 25 minutes. The pellets were resuspended in extraction
buffer (8.4 mM NaOAC, pH 5 and 5 mM EDTA) and extracted twice with an equal
volume of water-saturated phenol (pH 4.3) and once with an equal volume of chloroform.
After extraction, the rRNA was precipitated by the addition of 2.5 volumes of 95%
ethanol and centrifuged at 13,000g for 25 minutes to pellet the rRNA. The pellets were
resuspended in storage buffer (10 mM Tris-Cl, pH 7 and 5 mM EDTA) in preparation for
primer extension analysis.
Primer Extension Analysis o f Probing Templates

Primer extension analysis was carried out based upon the technique of Noller and
co-workers (222). First, 0.5 pmoles of the template rRNA from the cleavage reactions
was mixed with 3 pmoles of a DNA primer (17 nucleotide long oligonucleotide
complementary to staggered regions of 23S rRNA) in 4.5 pL of hybridization buffer (50
mM HEPES, pH 7.0, 100 mM KC1) and the solution was heated to 90° C for 1 minute
and cooled slowly to 45° C to allow annealing of the primer to the rRNA. To this
solution was added 2 pL of extension mix containing extension buffer and
deoxynucleotide triphosphates (dNTP’s), dGTP, dATP, dCTP, and dTTP. The final
concentrations for these components was 0.13 mM Tris-Cl (pH 7.5), 69.2 mM KC1, 32
mM MgCl2, 2 mM dithiothreitol (DTT), 5.57 pM dGTP, 5.57 pM dATP, 5.57 pM dCTP,
0.29 pM dTTP, 11.4 pM [a-32P]-dTTP and 3 units of AMV reverse transcriptase
(Takara). To sequencing tubes, 1.5 pL of either 1.5 pM dideoxycytidine triphosphate
(ddCTP) for indicating guanosine (G) residues or dideoxythymidine (ddTTP) for
indicating adenosine (A) residues, was added with the extension mix. The tubes were
incubated for 30 minutes at 42° C. Following extension, the tubes were chased by adding
70

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

1 (iL of chase mix (1 mM of each dNTP) to each tube and 2 pL of 67 pM ddCTP or
ddTTP to the G and A sequencing tubes respectively. The reactions were terminated by
the addition of 75 pL of precipitation buffer (70% ethanol, 8.4 mM NaOAc (pH 6.5), and
0.8 mM EDTA) and were precipitated at -80° C for 15 minutes. The synthesized
products were then pelleted by centrifugation at 13,000g for 25 minutes and were
resuspended in 10 pL tracking dye (7 M urea, 0.025% xylene cyanol FF, 0.025%
bromophenol blue in lx Tris-Borate-EDTA buffer). 1.5 pL of the radiolabeled DNA
transcripts in tracking dye were resolved on a denaturing (7M urea) 6% polyacrylamide
gel (600 mm x 0.25 mm) by electrophoresis at 55W for appropriate times (1-3 hours
depending on the primer used). The gel was transferred to Whatman 3MM fdter paper,
was dried under vacuum, and was exposed on x-ray film (typically 4-12 hours).
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Chapter 3

Interaction of Thiostrepton and Elongation Factor-G with the
Ribosomal Protein LI 1-Binding Domain

William S. Bowen1, Natalya Van Dyke2, Emanuel J. Murgola2, J. Stephen Lodmell1, and
Walter E. Hill1’3

(A manuscript accepted for publication by the Journal of Biological
Chemistry - January or February Edition)
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Introduction
The region of the prokaryotic 50S ribosomal subunit associated with interactions
of ribosome-dependent GTPase proteins such as elongation factors-G and -Tu (EF-G and
EF-Tu), initiation factor-2 (IF2), as well as with interactions with release factors-1 and -2
(RF1 and RF2) during translation is referred to as the GTPase-associated center or region
(GAR)(8). It contains three structural domains that are proximal on the 50S subunit: A
pentameric complex (L10.(L7/L12)2) that forms a protein stalk on the right shoulder of
the 50S subunit (232,233); the highly conserved sarcin-ricin stem-loop domain (nt. 26462674 in E. coli) (81); and ribosomal protein LI 1 and its binding site on 23S rRNA (LI 1binding domain-nt. 1051-1102 in E. coli), adjacent to the binding site of the pentameric
complex. Ribosomal protein LI 1 and its binding domain on 23S rRNA (LI 1-rRNA
complex) are involved in thiazole peptide antibiotic binding (thiostrepton and
micrococcin) (143,176), have been implicated in binding of EF-G to the ribosome
(71,72,201), and affect translation termination (153,269). Ribosomes lacking LI 1 are
resistant to thiostrepton, show severely reduced levels of protein synthesis activity in
vitro, and bind thiostrepton poorly relative to wild type ribosomes (270,271).
Thiostrepton has been found to inhibit most factor-dependent processes of
GTPase proteins (e.g. see refs. (166,169); reviewed in (109)) and the functions of some
non-GTPase factors (RF1 (272), RF2 (272), and stringent factor, RelA (273)) on the
prokaryotic ribosome. Kinetic studies by Rodnina et al. indicated that thiostrepton
binding to the LI 1-rRNA complex does not appear to interfere with factor binding or
coupled GTPase activity on the ribosome. But, it inhibits EF-G turnover subsequent to
GTP hydrolysis (169). However, recent biochemical analysis by Cameron et al.
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indicated that thiostrepton and the related thiazole antibiotic, micrococcin, interfere
directly with EF-G binding (166). Previous studies indicated that the effect of
thiostrepton may be to prevent conformational transitions in either the RNA (274,275) or
LI 1 (8,276) that are important for ribosome function. However, as thiostrepton appears
to interact with both LI 1 and its 23S rRNA binding domain (73,172,276), it is not clear if
a function of the protein or the rRNA is affected. Such apparently conflicting results
emphasize a need for determining the structural basis and conformational requirements of
the LI 1-rRNA domain that govern factor interactions during translation and its inhibition
by thiostrepton.
With this in mind, we examined the effects on 23 S rRNA structure, thiostrepton
binding, and EF-G interactions in Escherichia coli mutants that lack functional
endogenous L ll (153), mutants lacking LI 1 that were supplemented with an inducible
plasmid bearing the entire LI 1 coding sequence (153), mutants bearing plasmids
containing the coding sequence for C-terminal residues 68-142 of LI 1 (152), or mutants
bearing a control plasmid without the LI 1 coding sequence (Table 3.1). Important
structural changes were identified by using chemical modification techniques and by
comparing the results from the mutant ribosomes in the presence and absence of
thiostrepton with results from ribosomes from the isogenic parent strain (Table 3.1) and
from ribosomes from which the ribosomal proteins had been extracted. To analyze the
effects of the mutations on EF-G interactions with the ribosomes, we probed both preand post-translocation complexes of EF-G on the ribosome and compared the results for
wild type and mutant ribosomes.
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Our results revealed, not surprisingly, that the loss of ribosomal proteins induces
extensive structural destabilization of the entire thiostrepton domain. Also, when all
proteins except LI 1 are present, the LI 1-binding domain on the 50S subunit becomes
conformationally flexible, but not on those ribosomes retaining only the C-terminal
domain of LI 1. Both LI 1 and thiostrepton binding to rRNA on the 5OS subunit induce
significant tertiary structure changes in the LI 1-binding region. Thiostrepton-induced
structural changes were proximal to the presumed thiostrepton binding site (141,143,277)
and suggest that antibiotic binding may induce a tightening of the LI 1-rRNA junction
and structural changes near the site of factor interactions that would interfere with factor
binding to ribosomes. Finally, probing results in the presence of EF-G showed
significant differences in the interactions of the factor with wild type and mutant
ribosomes in the factor binding domains in the pre- and post-translocation states,
revealing that the LI 1-stabilized structure of the rRNA is critically important for EF-G
interactions in the post-translocation state.

Table 3.1. Strains Used for Isolation of 70S Ribosomes with
Ribosomal Protein L ll Mutations
Strain
NVD001

Name
wild type (wt)

NVD002

LI IN'

NVD003

L l l /+

NVD005

Lll'

Relevant Genotype
wt LI 1 chromosomal gene
(rplK)/pACAT (control plasmid)
ArplK/pL 11 (pACAT
expressing 76 amino acid CTD of
Lll )
ArplK/pL 11 (pACAT
expressing wt Ll l )
ArplK/pACY C 177
(control plasmid)
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R ef.#
(153)

(152)

(153)
(153)

Experimental Procedures

L l l Mutant Strains- Bacterial strains used in the study were derived from E. coli
K-12 (Table 3.1). Chromosomal L ll gene (rplK) knockout mutants o fE. coli carrying
plasmids for inducible (Ptac promoter) in vivo expression of the entire L ll protein from
E. coli (LI l'/+) (153) or harboring a plasmid encoding the sequence for inducible
expression of the C-terminal domain (residues 68-142) of LI 1 (LI IN') were described
previously (152). The LI 1 knockout mutant carrying a control plasmid without the LI 1
gene (LI 1') was constructed as described (153) but in an ampicillin resistance
background (pACYC177). The strain without the LI 1 knockout, but harboring a control
plasmid (pACAT) (153) was utilized as wild type for these studies.
Isolation o f Mutant Ribosomes and Extraction o f rRNA- E. coli strains harboring wild
type, LI IN', and LI l '/+ ribosomes were grown in 1 mM IPTG and 7 pg/mL tetracycline
and the strain harboring L l l ' ribosomes in 1 mM IPTG and 100 pg/mL ampicillin (LI 1‘).
Ribosomes from each strain were purified from frozen cells essentially as described
(268,278). After isolation, LI 1', LI IN', LI l'/+ and wild type ribosomes could not be
distinguished upon sucrose gradient centrifugation or analytical ultra-centrifugation (data
not shown), indicating that mutant ribosomes assembled normally. Naked rRNAs were
prepared by phenol-chloroform extraction as described (265). Prior to probing, ribosomes
(25 picomoles) were activated by incubation for 15 minutes at 37°C in 20 mM Hepes (pH
7.6), 5 mM MgOAc, 100 mM KC1, and 1 mM DTT (H50M5KiooDi) buffer with or
without the addition of thiostrepton in DMSO to the desired final concentration (1%
DMSO). Controls were made 1% in DMSO.
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Chemical Probing- Chemical probing with dimethyl sulfate (DMS), 2-keto-3ethoxybutyraldehyde (kethoxal), or l-cyclohexyl-3-(2-morpholinoethyl)-carbodiimide
metho-p-toluenesulfonate (CMCT) were carried out in a manner adapted from
Christensen et al. (279): 1 pL of 1:10 dilution of DMS in EtOH, 50 pi of 42 mg/mL
CMCT in IX-H50M7K100D1buffer, or 5 pL of 40 mg/mL kethoxal in 20% EtOH was
added to samples followed by incubation for 5 min. for DMS samples, 30 min. for
DMCT samples, or 10 min. for Kethoxal samples respectively at 37°C. The samples were
precipitated and phenol-chloroform extracted in preparation for use as templates for
reverse transcriptase primer extension and PAGE analysis (240,280). Probing of
thiostrepton titrations was carried out in the same manner as above with the addition of
increasing amount of antibiotic in 100% DMSO (final concentration of DMSO was 2% in
reactions to aid thiostrepton solubility at higher concentrations).
Purification o f EF-G from E. coli- His6-tagged EF-G on a pET24b-fusA plasmid was a
generous gift of K. Lieberman and H.F. Noller and was over-expressed in E. coli strain
BL21(DE3) by growing in LB with 30 pg kanamycin at 37°C to late log phase, inducing
expression with the addition of 1 mM IPTG, and growth for 4 more hours. Cells were
harvested by centrifugation and frozen for storage. His6-EF-G was isolated as described
(80,281) with the following modifications: (1) cell lysis was performed by grinding 10 g
of frozen cells with 20 g of baked alumina; (2) EF-G bound to a Ni-NTA column was
washed with 25 mL of buffer containing 10 mM imidazole (pH 8) before elution of
protein.
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Binding o f EF-G Complex to 70S Ribosomes- Increasing concentrations of 70S
ribosomes in 50 pi IX-H50M7K100D1buffer were incubated at 37°C for 10 min. with 0.5
jo.g/ja.1 poly-U mRNA (Sigma) followed by the addition of tRNAphe to 1.5 pM and
incubation at 37°C for 10 min. To these pre-translocation complexes were added fusidic
acid to 0.2 mM, [a-(32P)]-GTP (Amersham) to 0.5 mM, and EF-G to 2 pM, followed by
incubation at 37°C for 10 min. Subsequently, 45 pi of the reaction were filtered through
45 pm nitrocellulose filters and washed with 1 ml of ice-cold IX-H50M7K100D1buffer.
Percent of ribosomes with bound EF-G complex was quantified by scintillation counting
of washed filters and calculation of the concentration of retained radioactive signal from
GDP in complex on ribosomes relative to controls incubated in the absence of ribosomes.
Probing EF-G-Ribosome Complexes- Fusidic acid or GDPNP-stabilized EF-G-Ribosome
complexes were constructed in a manner similar to Moazed and Noller (72). Briefly, 0.5
pM 70S wild type or mutant ribosomes in IX-H50M7K100D1buffer were incubated for 10
min. at 25°C with 5 pg of poly-U mRNA (Sigma), followed by 10 min at 25°C with 1.5
pM of deacylated tRNAphe from E. coli (Sigma). To these complexes were added either
0.5 mM GDP and 0.2 mM fusidic acid (Sigma) or 0.5 mM GDPNP (Sigma), followed by
addition of EF-G to 2.5 pM and incubation at 25°C for 10 min. The complexes were
probed with DMS, Kethoxal, and CMCT as above with minor deviations; probing
temperature was 25°C and no DMSO was added to the reactions. Preparation of rRNA
and primer extension analysis for probing reactions was as above for thiostrepton
experiments.
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Results
Chemical Probing o f L l l Mutant Ribosomes

To determine whether the loss or truncation of LI 1 induced the loss of other
ribosomal proteins, particularly the adjacent pentameric complex (L10.(L7/L12)2)
(141,232,282), from ribosomes, we compared the reactivities of several nucleotides in the
region associated with pentameric complex binding, including C1044, A1046, G1047,
A 1050, G1110, Al 111, and G1112. These reactivities did not differ between the wild
type and mutant (LI IN' and LI 1') ribosomes (Fig. 3.1a-c, lanes 2-6; Fig. 3.1).
Importantly, the reactivity of nucleotide A1046, previously shown to interact directly
with L10 upon pentameric complex binding (179,180), did not change in the LI 1' or
LI IN’ ribosomes. These results corroborate previous results using two-dimensional SDSPAGE analysis (152), that showed all proteins present except LI 1.
When all proteins were extracted from the rRNA, the reactivity of C l044,
A1046, A1048, Cl 109, G1110, Al 111, and G1112, as well as several residues on both
sides of the lower D helix and throughout the entire rRNA domain differed markedly
from the reactivities found for wild type and mutant ribosomes (Fig. 3.1a-d). The regional
changes are presumably due to the loss of pentameric complex (L10.(L7/L12)2) and
ribosomal proteins L16, L13, L6, L36 interactions (178-180).
The reactivities of residues in the LI 1-binding region in LI Land LI IN' mutant
ribosomes were clearly different from those on wild type ribosomes. The nucleotides in
the LI 1-binding region that had altered reactivities on LI 1’ ribosomes included those
residues possibly involved in direct interactions with the protein (A1088, U1082, U1061,
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Figure 3.1. Chemical Probing o f Wild Type and Ribosomal Protein L l l M utant Ribosomes.
Conditions and probing techniques as described in Materials and Methods. (G and A): sequencing lanes;
Lanes: (1) wild type 70S ribosomes without modification; (2) wild type 70S ribosomes probed without
added DMSO (wt/c); (3) wild type 70S ribosomes (wt); (4) ribosomes from the LI 1' strain in which LI 1
was supplied by expression in vivo from a plasmid (LI l ‘/+); (5) ribosomes from LI 1' strain in which the Cterminal domain (residues 76-142) was supplied by expression in vivo from a plasmid (LI IN '); (6)
ribosomes from the L I 1' strain (LI 1'); (7) extracted rRNA from 70S ribosomes without added DMSO; (8)
extracted rRNA from 70S ribosomes; (9) wild type ribosomes in the presence o f 5 pM thiostrepton; (10)
L I l '/+ ribosomes in the presence o f 5 pM thiostrepton; (11) LI IN ' ribosomes in the presence o f 5 pM
thiostrepton; (12) LI 1' ribosomes in the presence o f 5 pM thiostrepton; (13) extracted rRNA in the
presence o f 5 pM thiostrepton. Fig. 3.1a, DMS probing; Fig. 3.1b, CMCT probing; Fig. 3.1c, Kethoxal
probing. The labels indicate the positions o f the bases on the sequencing lanes. Modifications at the
indicated bases prevent incorporation o f the complementary nucleotide by the reverse transciptase and,
therefore, bands appear one position below the modified base (representing a transcriptase product one base
shorter.)

and A1070) (8,136), and also those potentially involved in tertiary interactions that
stabilize the rRNA structure (U1066, G1068, G1071, U1083, A1089, U1094 and U1097)
(274).
Interestingly, probing of LI IN' ribosomes revealed only two nucleotides for
which changes in reactivity could be traced exclusively to truncation of the N-terminal
domain of LI 1. Nucleotide U1061 became hyper-reactive to CMCT in the absence of the
N-terminal domain of LI 1, but displayed reactivity only slightly greater than that of wild
type ribosomes for L l l ' ribosomes (Fig. 3.1b). This could be explained if U1061 is
exposed in the rRNA structure stabilized by the C-terminal domain of LI 1, but is
partially buried when the structure shifts in response to the absence of LI 1. Nucleotide
A1070 became more reactive to DMS both in LI IN' and L l l ' ribosomes (Fig. 3.1a).
Changes in reactivity on LI 1' and LI IN" ribosomes were not found outside of the LI 1binding region of the rRNA.
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Figure 3.2. Chemical M odification Protection in the LI 1-Binding Region. Secondary structure maps
o f 23S rRNA in the LI 1-binding region showing the changes in reactivity to chemical probes, relative to
wild type ribosomes, o f nucleotides on LI IN ', LI 1' ribosomes, and phenol/chloroform-extracted rRNA.
Star = DMS reactivity; Bar = CMCT reactivity; Oval = Kethoxal reactivity. The size o f the symbols is
proportional to the reactivity o f the nucleotide to modifiers. Domains are labeled in Figure 3.2a according
to the convention o f Laing and Draper (283). The structure is derived from the Comparative RNA Web
Site (www.ma.icmb.utexas.edu) (6).

Thiostrepton Interactions with Mutant Ribosomes

Chemical probing in the presence of thiostrepton on wild type ribosomes
indicated protections at several residues previously associated with binding of the
antibiotic (141,143), and at several additional sites (Table 3.2), including U1061
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(CMCT), G1071 (Keth/DMS), and U1097 (CMCT). Probing of LI IN' ribosomes, LI 1'
ribosomes, and the extracted rRNA from ribosomes (Fig. 3.1, lanes 11-13) revealed only
partial protection for LI IN' ribosomes (-40-50% protection relative to wild type at most
residues) and LI 1' ribosomes (-10-20%), and less than 10% protection for extracted
rRNA relative to wild type in the presence of thiostrepton under the probing conditions.
This is consistent with previous studies that showed a profound reduction in the affinity
of thiostrepton for 23S rRNA versus intact ribosomes (176,275). Therefore, we

Table 3.2. Thiostrepton Protections of rRNA in Wild Type
and Mutant 70S Ribosomes
rRNA

% Protection3 by Thiostrepton

Reagent

Nucleotide
70S(WT)

70S(L11N-)

70S(L11->

U1061b

CMCT

40 ± 7

37 ± 6

3±4

A1067

DMS

42 ± 5

21 ± 4

14 ± 4

G1068

Kethoxal

53 ± 14

24 ± 5

11 ± 5

A1070

DMS

56 ± 6

26 ± 5

(2 ± 3)c

G1071b

DMS

19 ± 3

16 ± 3

(1 ± 6)c

G1071b

Kethoxal

22 ± 6

20 ± 5

17 ± 6

A1095

DMS

44 ± 13

17 ± 5

14 ± 5

U1097b

CMCT

18 ± 4

1 ±6

0±4

a - % Protection is relative to ribosomes incubated without thiostrepton but otherwise treated in the same
manner in parallel experiments. Values shown are for wild type and mutant ribosomes in the presence o f 5
pM thiostrepton. Corrections for background and standard deviation are as described in the Figure 3.3
legend. CMCT, l-cyclohexyl-3-(2-morpholinoethyl)-carbodiimide metho-p-toluenesulfonate; DMS,
dimethyl sulfate; Kethoxal, 2-keto-3-ethoxybutyraldehyde; WT, wild type ribosomes; L I 1N-, 70S
ribosomes with only the C-terminal domain residues 68-142 o f ribosomal protein LI 1 present; LI 1-,
ribosomes lacking the entire LI 1 protein, b - Novel protections revealed in this study, c - parentheses
indicate an increase in reactivity relative to controls in response to added thiostrepton.
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anticipated saturation of thiostrepton protection near wild type levels for mutant
ribosomes probed in the presence of higher levels of antibiotic. However, protection
levels on mutant ribosomes never reached the levels of wild type ribosomes. This may be
explained if antibiotic binding on wild type ribosomes is dependent upon interactions
with the N-terminal domain of LI 1 (276,277), and, therefore, the binding interaction
differs for mutant ribosomes.
Although many of the residues protected by thiostrepton on wild type ribosomes
were at least partially protected on LI IN " ribosomes and L IT ribosomes, several
residues (U1061, U1097, and A1070) did not appear to be (Fig. 3.1, lanes 11-12). This
may be attributable to an interaction between the N-terminal domain of LI 1 and the
rRNA upon thiostrepton binding, as is suggested in the crystal structure of the LI 1-rRNA
complex (8) (see also Fig. 3.6b) To test this, we added increasing amounts of
thiostrepton to wild type and mutant ribosomes and probed them with modifiers as above.
The results from a representative experiment for protection at A 1067 are shown in
Figure 3.3. In most cases, wild type ribosomes were protected more than mutant
ribosomes at a given concentration of thiostrepton, saturating above 5 pM (Fig. 3.3).
Both U1061 and A1070 are protected by thiostrepton on wild type and LI IN' ribosomes.
However, that protection is completely lost on LI 1' ribosomes. Nucleotide U1097 is the
only residue that is protected by thiostrepton on wild type ribosomes, but that is not
protected on either LI IN “ or LI 1' ribosomes. This indicates that tightening of the LI 1rRNA junction probably occurs only near the proximal apices of the A1 and C stem-loops
of the rRNA and the N-terminal domain of LI 1 (Fig. 3.6b).
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EF-G Interactions with Mutant Ribosomes

As the LI 1-binding region of the 70S ribosome is known to participate in binding of
translation elongation factors, we undertook to study the effects of the LI 1 deletion
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Figure 3.3. Protection o f rRNA Residue A1067 by Thiostrepton Binding to the Ribosomes, (a),
W ild type or ribosomes with deletions or truncations o f ribosomal protein L I 1 were incubated with
increasing concentration o f thiostrepton, were probed with DMS, Kethoxal, or CMCT, and were analyzed
for the protection o f residues from chemical modification. % Protection is relative to ribosomes incubated
without thiostrepton but otherwise treated in the same manner in parallel experiments. Standard deviations
(3 independent experiments/2 ribosome preparations) are represented as error bars and are calculated based
on the differences in intensity between bands in modification lanes with and without the addition o f
thiostrepton, corrected for differences in the lane intensities in the LI 1-binding rRNA region o f the
phosphorimager scans. The graph shows a representative experiment for protections at A 1067. Results for
other residues protected by thiostrepton binding are listed in Table 3.2.
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and truncation mutations on the interactions of EF-G with ribosomes. To do this, we
utilized two approaches. First, we used fusidic acid, an antibiotic that binds to the EF-GGDP-ribosome complex and prevents dissociation of EF-G from the ribosome following
GTP hydrolysis, stalling the complex in a post-translocation intermediate state (284).
Second, we used guanosine 5’-[B,7-imido]triphosphate (GDPNP), a non-hydrolyzable
nucleotide analog that binds EF-G, prevents coupled GTP hydrolysis on the ribosome,
and stalls the ribosome complex in a pre-translocation intermediate state (80,285). By
adding EF-G along with each of these components to translocation-competent wild type
or mutant ribosomes (70S + poly-U mRNA + tRNA), we were able to compare the
interactions of EF-G with the factor binding domains of the large ribosomal subunit in
both the pre- and post-translocation states.
Several residues in the LI 1-binding region (Table 3.3) showed changes in
reactivity to chemical modifiers upon the addition of the EF-G complexes to wild type
and mutant ribosomes. A previous report identified A1067 and A1069 as residues that
are protected upon binding of EF-G to wild type ribosomes (72). Our probing identified
protection at A 1067 for both fusidic acid-stabilized and GDPNP-stabilized complexes
(Fig. 3.4b, Table 3.3). The reactivity of U1061 was increased in the presence of the EFG-GDP-fusidic acid complex (Fig. 3.4a), and U1097 showed a slight increase in
reactivity on wild type ribosomes upon the addition of the fusidic acid, but not the
GDPNP-stabilized complex (Fig. 3.4c).
LI IN' ribosomes showed protection at a level similar to wild type at A 1067 for
both the fusidic acid and GDPNP-stabilized complexes (Fig. 3.4b). However, LI IN’
ribosomes were not protected at U 1061 or U1097 in the presence of either complex (Fig.
86
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3.4a,c), suggesting that the N-terminal domain of the protein is required to protect these
residues on wild type ribosomes prior to EF-G interactions. Residue A1067 was not
significantly protected in LI 1' ribosomes by the fusidic acid-stabilized or the GDPNPstabilized-complexes (Fig. 3.4b). This result correlates well with our results from the EFG binding study (Fig. 3.5) that show little binding of the EF-G-GDP-fusidic acid complex
to LI 1" ribosomes relative to LI IN' and wild type ribosomes. Similarly, U1061, A1070,
and U1097 did not show changes in reactivity on LI 1' ribosomes for either complex (Fig.
3.4a-c).
We did not see protections at A1069 on any of the combinations of ribosomes and
EF-G complexes used in this study (Fig. 3.4b). This is in contrast to the results of
Moazed et al. (72) that described a small but significant protection by EF-G at this
position. The possible reasons for this difference include the alternative buffers
(specifically 10 mM Mg2+ versus 5 mM Mg2+ in our reactions) and probing temperatures
(0°C versus 25°C in our reactions). It is possible that lower Mg2+ concentrations or
higher temperatures may induce destabilization of complexes by increasing the off-rate of
bound factors, leading to increased reactivity to chemical modifiers. However, the level
of protection at the many of the other residues protected by EF-G complexes is
comparable between the two studies, indicating that the interaction at A1069 may be
particulary sensitive to environmental conditions.
When we probed another element of the GTPase-associated region, the sarcinricin stem-loop, a short stem-loop with the apex around nucleotide A2660 of 23S rRNA,
we discovered a significant distinction (Fig. 3.4d-e, Table 3). First, wild type and LI IN'
ribosomes were protected to a similar extent at G2655, A2660, and G2661 by the EF-G87
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Figure 3.4. Interactions of EF-G with the L ll-B in d in g Region of rRNA. Complexes o f wild type and
mutant ribosomes with either EF-G-GDPNP or EF-G-GDP-fiisidic acid were probed with DMS, Kethoxal,
and CMCT. Fig. 3.4a: G and A sequencing lanes; (1) control without chemical modifier; (2) wild type 70S
ribosomes with chemical modifier; (3), wild type 70S ribosomes + poly-U mRNA + tRNAPhe; (4), wild
type 70S + poly-U mRNA + tRNAphe + EF-G-GDPNP; (5) wild type 70S + poly-U mRNA + tRNAphe +
EF-G-GDP-Fusidic Acid; (6), LI IN ' 70S ribosomes with chemical modifier; (7), LI IN ' 70S ribosomes +
poly-U mRNA + tRNAphe; (8), LI IN ' 70S + poly-U mRNA + tRNAphe + EF-G-GDPNP; (9), LI IN ' 70S +
poly-U mRNA + tRNAphe + EF-G-GDP-Fusidic Acid; (10), LI 1" 70S ribosomes with chemical modifier;
(11), LI 1' 70S ribosomes + poly-U mRNA + tRNAPhe; (12), LI 1' 70S + poly-U mRNA + tRN Aphe + EF-GGDPNP; (13), LI 1" 70S + poly-U mRNA + tRNAphe + EF-G-GDP-Fusidic Acid. Modifications at the
indicated bases prevent incorporation o f the complementary nucleotide by the reverse transciptase and,
therefore, bands appear one position below the modified base (representing a transcriptase product one base
shorter.)

Table 3.3. EF-G Protections of rRNA in Wild Type and Mutant 70S Ribosomes
rRNA
Nucleoti
de

Probing
Reagent

% Protection3 by EF-G-GDPNP

% Protection by EF-G-GDP-FA

70S WT

70S L11N-

70S L11-

70S WT

70S L11N-

70S L11-

CMCT

2±6

5±8

5±9

(27 ± 6)D

4±1

6±9

A1067

DMS

17 ± 5

23 ± 7

8+6

41 ± 8

32 ± 9

4±8

A1069

DMS

3±6

(7 ± 6)d

9 ±12

00
+1

10 ± 9

8±9

U1097

CMCT

(4 ± 6)°

2±7

7±7

(15 ±5 )°

(4 ± 12)D

9±7

G2655

Kethoxal

43 ± 9

37 ± 7

15 ± 10

57 ± 8

49 ± 8

3±8

A2660

DMS

53 ± 7

24 ± 5

19 ± 7

46 ± 5

49 ± 5

(3 ± 6)b

G2661

Kethoxal

36 ±1 0

44 ± 8

13 ± 8

52 ± 9

56 ± 6

1 ±5

a

U1061

a - % Protection is relative to the reactivity o f ribosomal residues in the absence o f added EF-G (see
E x p erim en tal P ro ced u res for complex constituents). Values are an average o f 3 experiments.
Corrections for background and standard deviation are as described in the Figure 3.3 legend, b parentheses indicate an increase in reactivity relative to controls in response to complex binding. CMCT,
l-cyclohexyl-3-(2-morpholinoethyl)-carbodiimide metho-p-toluenesulfonate; DMS, dimethyl sulfate;
K ethoxal, 2-keto-3-ethoxybutyraldehyde; G D PN P, g u anylyl-5’-im idodiphosphate; W T , w ild type; L I 1N-,

70S ribosomes with only the C-terminal domain residues 68-142 o f ribosomal protein L I 1 present; LI 1-,
ribosomes lacking the entire LI 1 protein; EF-G, elongation factor-G.
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Figure 3.5. Binding o f EF-G to Wild Type and L l l Mutant Ribosomes. Binding o f EF-G-GDP-fusidic
acid (as % o f ribosomes with bound complex relative to controls without added ribosomes) was quantified by
filtering complexes o f increasing concentrations o f wild type or mutant ribosomes with poly-U mRNA (0.5
pg/pl), tRNAPhe (1.5 jxM), EF-G (2 pM), [a-(32P)-GTP] (0.5 pM), and fusidic acid (0.2 mM) through
nitrocellulose filters and scintillation counting o f radioactivity left on the filters (see experimental procedures
for details). Results are an average o f >2 experiments with standard deviations for experiments are shown.
WT, wild type 70S ribosomes; LI IN", 70S ribosomes with only the C-terminal domain (residues 68-142) o f
ribosomal protein LI 1 bound; L l l ' , 70S ribosomes lacking L l l .

GDPNP complex and the EF-G-GDP-fusidic acid complex (Fig 5d-e). In contrast, L ll
ribosomes were protected to a very limited extent by the EF-G-GDPNP complex, and
were not protected above background by binding of the fusidic acid-stabilized complex
(Fig. 3.4d-e). This suggests that the GDPNP- and fusidic acid-stabilized complexes
interact poorly to ribosomes in the absence of LI 1.
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As LI 1' ribosomes were not protected by the EF-G-GDP-fusidic acid complex in
either the LI 1-binding domain or the sarcin-ricin domain, we reasoned that Lll"
ribosomes may not effectively bind the complex in the post-translocation state.
Therefore, we utilized filter-binding analysis to determine the extent of binding of
radiolabeled EF-G-GDP-fusidic acid complex on wild type and mutant ribosomes.
Figure 3.5 illustrates that wild type and LI IN' ribosomes bind the complex to similar
extents, while binding to LI 1" ribosomes is only slightly above background levels. As
the only difference between LI IN" and Lll" ribosomes is the presence of the C-terminal
domain, the results further establish the importance of this domain of LI 1 for EF-G
binding in the post-translocation state.

Discussion
Modulation o f Structure in the LI 1-Binding Domain

The results of this study suggest that L ll binding stabilizes key tertiary
interactions in the rRNA structure around the LI 1-binding domain. For instance,
nucleotides G1071 and A1089 involved in two important base triple interactions
(G1071 :G 1091 :C 1100; A 1089: A 1090:U1101 (8,136)), became reactive in the absence of
LI 1. In addition, bases U1066, U1083, and U1094, each involved in a U-turn motif
(286), became reactive on LI 1" ribosomes. Finally, G1068 and A1096 became reactive in
ribosomes lacking LI 1. G1068, in the A1 stem-loop, normally interacts with the
phosphate backbone of A 1096 in the C stem-loop, stabilizing the juxtaposition of the two
stem-loops (8).
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LI 1 binding also protected A1088 and U1082 from chemical modification. The
A1088:U1060 reverse-Hoogsteen base pair is a universally conserved feature of this
rRNA domain and probably stabilizes the long-range interactions of the A1 and C
helices. The reverse-Watson-Crick U1082:A1086 base pair closes the short junction loop
and participates in a ribose zipper-minor groove interaction that stabilizes the interaction
between the junction loop and the B helix (8). Taken together, these results indicate that
L ll binding to the rRNA combines stabilization of key tertiary interactions with
stabilization of the rRNA backbone fold, a strategy that has also been documented for
another ribosomal protein, S15 (216).
Our results for LI 1' and LI IN' ribosomes indicate that the rRNA in the LI 1binding region becomes conformationally flexible only in the absence of the entire L ll
protein, and not when the C-terminal domain is present. Therefore, the results do not
support the model in which reversible dissociation of the N-terminal domain of L 11
governs a functional transition in the structure of the associated rRNA (275). But, the
results do favor a model in which the N-terminal domain of LI 1 modulates direct
interactions of LI 1 with factors (71,276), while the C-terminal domain stabilizes the
conformation of the LI 1-binding rRNA. This would explain why nucleotides U1061 and
A1070, which are packed against Gln-12 and Lys-10 at the junction of the LI 1 Nterminal domain and the LI 1-binding rRNA (Fig. 3.6c), become hyper-reactive in LI IN'
mutants.
Thiostrepton Interactions in the LI 1-Binding Domain

Many protections from thiostrepton binding occur in the binding cleft between the
proximal apices of the A1 and C stem-loops of the rRNA (Fig. 3.6a). However, the
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Figure 3.6. Chemical M odification Protection o f rRNA by Thiostrepton Shown on the Crystal
Structure of the rRNA Fold (Protein Data Bank: 1MMS (8)). (A) Protections on the top face o f the
L i 1-binding domain rRNA in the cleft between the A1 and C stem-Ioops. Blue = previously identified
protections; green = novel protections from this study. (Residue numbers (E. coli numbering) and atom
positions are labeled). (B) Protections on the bottom face (opposite side o f structure shown) o f the LI 1binding domain rRNA. (B) Potential interactions o f rRNA bases with residues from the N-terminal
domain o f LI 1 ( N-terminal residues shown in wireframe for clarity, and the coloring and labeling are as
in A and B). A mercury ion, present in the crystal structure, suggest a potential ion mediated interaction
between U1097 and the L l l . Figures made using RASMOL (4).
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known thiostrepton protection at A1070 and novel protections found in this study (U1061
and U1097) suggested that thiostrepton binding may induce a tightening of the junction
between the rRNA and the N-terminal domain of LI 1. However, by titrating thiostrepton
to saturating concentrations in the probing reaction, we discovered that only the
protection of U 1097 was specifically dependent upon the presence of the N-terminal
domain of LI 1. As the concentration of thiostrepton was increased, U1061 and A 1070
became protected on LI IN' ribosomes, but not on LI 1' ribosomes. Therefore, protection
of these two residues is dependent upon the presence of only the C-terminal domain of
Lll . As the C-terminal domain of LI 1 in known to responsible for binding and
stabilization of the rRNA structure in the LI 1-binding region (142), we propose that only
this stabilized structure of the LI 1-binding domain presents A 1070 and U1061 in the
orientation necessary for antibiotic interactions. Conversely, thiostrepton binding to the
rRNA may induce a conformational change around U 1061 and A 1070 that protects these
residues from modification. This protection does not occur in the absence of LI 1, or at
least the C-terminal portion of LI 1.
Additional changes in reactivity induced by thiostrepton involve residues adjacent
to but probably outside of the binding site. The changes in reactivity of G1071, part of a
crucial base triple at the junction of the four helices (Fig. 3.2a) that stabilizes the rRNA
fold (274), changes at U1061 and A1070 and several thiostrepton-induced reactivity
changes on the rRNA surface opposite the LI 1 interaction (Fig. 3.6b), suggest that either
A recent NMR study described docking of thiostrepton onto the crystal structure
of the LI 1-binding rRNA (277). The authors postulated that the likeliest direct
interactions of thiostrepton with 23S rRNA are with residues A1067, A1095, and A1096
94
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at the apices of the A1 and C stem-loops (Fig. 3.6a). This provides further evidence that
the distal surfaces of the rRNA must both be indirectly but significantly altered by
antibiotic binding. These alterations could be substantial enough to account for the effect
of the antibiotic on factor interactions.
Interactions o f EF-G with the LI 1-Binding Domain

The evidence outlined above provides important insight into the function of the
LI 1-binding domain of large subunit rRNA. Although it has long been suspected that
this domain forms part of the factor binding site or GTPase-associated domain on the
large subunit, little is known about the structural requirements for this function. Previous
reports suggested that EF-G may undergo GTPase-associated conformational changes on
the ribosome in the process of stimulating translocation of tRNAs from the peptidyl (P)
site to the exit (E) site and acceptor (A) site to the P site (135,287). Such changes would
probably require distinctive modes of interaction with the ribosome in the pre- and post
translocation states.
Our results corroborate data from a recent report (80) that described increases in
EF-G protections from hydroxyl radicals in the LI 1-binding domain rRNA following
translocation and GTP hydrolysis (fusidic acid-stalled complex). In our study, protection
of A1067 in this domain is 50% higher in the presence of this complex versus the pre
translocation (GDPNP-stalled) complex. This difference may be associated with a shift
in domain V of EF-G towards the LI 1-binding domain following translocation seen in
recent cryo-electron microscopic studies (135,287). The present study also provides
evidence that the N-terminal domain of LI 1 probably reversibly dissociates from the
LI 1-binding rRNA in a step following translocation. Nucleotide U 1061, a residue
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closely associated with the N-terminal domain of LI 1 in an x-ray crystal structure of the
ribosomal fragment containing L ll and the LI 1-binding domain rRNA (8), becomes
reactive to chemical probes both in LI IN' mutants and when EF-G is stalled on the
ribosome in complex with GDP and fusidic acid (Fig. 3.2, 3.5). However, this reactivity
is not evident on ribosomes lacking bound EF-G-GDP-fusidic acid, nor on ribosomes
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Figure 3.7. Protection o f rRNA Residues upon EF-G binding, (a) Location o f L I 1-binding domain and
sarcin-ricin domain on 50S subunit o f Haloarcula m arism orui. Secondary structure o f the two domains is
shown blown up to indicate the chemical modification protections from EF-G-GDP-fusidic acid complex
binding that are absent on ribosomes lacking ribosomal protein L l l . Circles = modification protection;
Squares = modification enhancement, (b) Location o f the residues in the LI 1-binding domain o f wild type
ribosomes that show a change in chemical modification when EF-G is bound. Red = A 1067; purple =
U1061; green = U1097. Figures made using RASMOL (4) and derived from the L I 1-rRNA crystal structure
(8).
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with EF-G bound in the pre-GTPase state (EF-G-GDPNP). A similar change is
postulated from the results of a cryo-electron microscopic study of the same complex
(71).
Our results with mutants of ribosomal protein L ll suggest that stabilization of the
post-translocation state is acutely dependent upon a specific structure of the LI 1-binding
domain rRNA that is stabilized by its interaction with the C-terminal domain of LI 1 (Fig.
3.7). Only ribosomes with the C-terminal domain present are able to form substantial
post-translocation complexes. Protections of rRNA in the sarcin-ricin domain by the pre
translocation complex are also reduced significantly (Figure 3.4; A2660, G2655, G2661)
on ribosomes lacking Ll l , suggesting that the structure of the LI 1-binding domain is
involved in stabilization of the pre-translocation state as well. Previously it was also
suggested that the proximal LI0-binding domain in the region around the A 1050 internal
loop (Fig. 3.2) may also be associated with pre-translocation complex formation (80).
The significance of these structural transitions is not fully understood. Changes in the
conformation of EF-G on the ribosome are postulated to induce changes in ribosome
structure that drive the process of translocation (287). The structural basis of these
conformational changes and concomitant structural changes at the molecular level will be
the subject of future studies.
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Chapter 4

Functional Studies on Mutants of Ribosomal Protein L l l
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Introduction
Previous studies on ribosomes lacking ribosomal protein L ll indicated that, in the
absence of the protein, in vitro translation decreased greater than 50% (288). In addition,
the EF-G-dependent GTPase activity of the mutant ribosomes was reduced significantly.
The ribosomes used in the previous study were isolated from a strain of Bacillus
megaterium by selection for resistance to thiostrepton, an antibiotic believed to bind in
the LI 1-binding rRNA domain of the large ribosomal subunit (172,176). The results of
these studies prompted us examine the effects on in vitro translation and GTPase activity
of a chromosomal LI 1 gene (rplK) knockout mutation in Escherichia coli (LI 1‘) (153).
To further understand the role of LI 1, we also examined the translation and GTPase
activities of the same L ll knockout mutant that expressed the C-terminal domain of LI 1
in vivo from a recombinant plasmid vector (LI IN') (152). The C-terminal domain of LI 1
is believed to anchor the protein to its binding site on 23 S rRNA, while the N-terminal
domain of LI 1 has been found to regulate the interaction of RF-1 with ribosomes during
translation termination (152), and the factor RelA-dependent synthesis of guanosine tetraand pentaphosphate (ppGpp and pppGpp) (155,157). Guanosine pentaphosphate is
known as the “stringent factor” due to its role in regulating the response of bacteria to
conditions of amino acid starvation.
Our study of the LI 1 mutants included a comparison of the growth rates of mutant
strains with wild type E. coli, a comparison of the in vitro translation rates of L 11 mutant
ribosomes in the presence or absence of translation elongation factors with the rates of
translation for wild type ribosomes, and a comparison of the ribosome/EF-G- dependent
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GTP hydrolysis rates for LI 1 mutant ribosomes with the rates of hydrolysis for wild type
ribosomes.
Significant growth defects were found for both ribosomal protein L ll mutant
strains with ribosomes lacking the C-terminal domain of LI 1 and mutants lacking the
entire L ll protein. To elucidate the possible cause of the growth defects, we studied
ribosomes from the mutants strains in an in vitro translation system that specifically
analyzes the elongation stage of translation, translation of poly-uridylic acid (poly-U)
synthetic mRNA. This system does not require factor-dependent formation of initiation
complexes and does not favor factor-dependent translation termination, as it encodes
neither start nor termination codons. The results from in vitro translation assays
performed in the presence or absence of translation elongation factors, EF-G and EF-Tu,
suggested that both L l l ' and LI IN' mutant ribosomes primarily have a defect in EF-Gdependent functions during the elongation stage of translation.
Finally, to help uncover what aspect of EF-G was most significantly affected by
mutations in LI 1, we analyzed the rates of EF-G/ribosome-dependent GTP hydrolysis on
the wild type and L ll mutant ribosomes. As LI 1 and the LI 1-binding rRNA have
previously been linked to factor-dependent GTP hydrolysis on the ribosome, we
hypothesized that the defect of the L ll mutant ribosomes in vitro translation is related to
a defect in the rate of EF-G-dependent GTP hydrolysis. Ribosome-dependent hydrolysis
of GTP in the GTP-binding domain of EF-G is believed to occur following the transfer of
the nascent peptide from P- to A-site tRNA during the process of EF-G-dependent
translocation of A- and P-site tRNA to the P- and E-sites respectively (49). Mutations in
LI 1 have previously been shown to affect EF-G-dependent GTP hydrolysis (288). In our
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analysis, differences in the rates of GTP hydrolysis for the wild type and mutant
ribosomes suggested that the presence of LI 1, and specifically the N-terminal domain of
Ll l , may affect the turnover of EF-G on the ribosome. The defect in EF-G turnover on
mutant ribosomes caused by the LI 1 mutations, therefore, may be a factor that
contributes to slower translation rates. The effect could also account for the slow growth
phenotype of the LI 1 mutant strains. The significance of these results and the potential
for future experiments are discussed.

Results
Growth Characteristics o f L l l Mutant Strains

Previous studies on the effect of LI 1 mutations on the growth of bacteria have
been done on strains that were isolated by selection for thiostrepton resistance. These
studies showed a dramatic increase in the doubling time for strains harboring ribosomes
that lacked L ll (152,288). As part of our characterization of the LI 1 mutant strains,
therefore, we compared the growth of the wild type (wt) Esherichia coli strain with that
of the knockout L l l ' mutant and knockout mutants in which either the entire L ll protein
(LI 1+/') or the C-terminal domain (76 amino acids) of the LI 1 protein (LI IN') were
supplied by in vivo expression from a plasmid. Table 4.1 shows calculated doubling
times for the four strains tested at three different temperatures. The use of three different
temperatures allowed us to analyze the temperature dependence of the growth lesions in
the LI 1 knockout strains.
'

The values for growth of the LI 1 mutants in Table 4.1 compared favorably with

those found by our collaborators (152) for many of the same strains, with one minor
exception. In our study, the LI 1+/' strain grows slightly but reproducibly slower than the
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Table 4.1. Growth Characteristics of L l l Mutants
“Strain

wild type (wt) (31° C)
wild type (wt) (37° C)
wild type (wt) (43° C)
LI IN' (31° C)
LI IN' (37° C)
LI I N '(43° C)
L ll'/+ (31° C)
L ll'/+(37° C)
LI l'/+ (43° C)
L l l '(31° C)
L l l '(37° C)
L ll' (43° C)

bGenotype

'Doubling Time (minutes)

wild type L ll chromosomal
gene (rplK)/pACAT (control
plasmid)
ArplK/pL 11 (pACAT
expressing 76 amino acid
CTD of L ll)
ArplK/pLll
(pACAT expressing wt LI 1)
ArplK/pACY C177
(control plasmid)

33 ± 5
25 ± 4
38 ± 2
47 ±5
49 ± 7
54 ± 4
41 ±3
36 ± 4
42*
145 ± 8
166 ± 6

aL l f /+, strain lacking LI 1 gene but replaced in vivo on a plasmid; LI IN ', strain lacking the N-terminal
domain o f LI 1; LI 1", strain lacking LI 1 gene.
Listed are the genotypes o f the chromosomal L I 1 gene and the plasmid with which the strains are
transformed for in vivo expression o f all or part o f ribosomal protein L l l .
'V alues are calculated from growth curves based upon absorbance measurements o f cultures over time.
*Only one experiment performed

wild type strain at all temperatures, while their study indicated similar rates of growth
between the wild type and this strain. Also notable is the lethal phenotype of the LI 1'
strain when grown at 43° C. Interestingly, growth of this strain at 37° C was not lethal
and was only slightly slower than at 31° C. The wild type and LI 1+/' strains showed only
slight decreases in growth rates at the higher and lower temperatures. Also, the LI IN'
strain showed levels of growth inhibition at 31° C and 43° C similar to those for the wild
type and LI 1+/' strain. Therefore, the lethal phenotype at high temperature (43° C)
applies only when expression of the entire L ll protein is prevented.
In Vitro Translation Studies on L l l Mutant Ribosomes

To attempt to understand the functional consequences of the LI 1 deletion
mutations, we carried out in vitro translation assays utilizing ribosomes isolated from
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each of the LI 1 mutant strains. A colleague in our lab had previously begun work on this
aspect of the LI 1 mutants (289). He found that the LI 1" and LI IN' strains were inhibited
relative to wild type in the extent of translation over a 30 minute time course. We wished
to expand upon his analysis to provide further characterization of the effects of the
mutations on the rates of protein synthesis. Specifically, we looked at the elongation
stage of translation. As LI 1 has been linked to the function and interactions of
elongation factors, we hypothesized that mutations in LI 1 would deleteriously affect
factor-dependent functions during the elongation phase of translation.
As previous work has shown that ribosomes lacking L ll have defects in the
initiation (168) and termination (152,153) stages of translation, we devised a strategy to
also look at the effects of the mutations on the elongation stage. In order to look at this
stage separately, we took advantage of a well-known method to subvert the initiation and
termination stages in the in vitro translation assays as noted above. First, we utilized an
mRNA analog, polyuridylic acid (poly-U), that does not have an initiation codon (AUG)
and does not require normal translation initiation factors (IF1, IF2, IF3) to assemble an
initiation complex at the start of translation (290). Instead, we formed initiation
complexes with a tRNA analog with a blocked amino group, N-acetyl-Phe-tRNAphe (NAc-Phe-tRNAphe). N-Ac-Phe-tRNAphe was used as it can form an initiation complex
without the potential for residual polymerization occurring in the absence of translation
factors. Second, poly-U mRNA does not have a stop codon (UAG, UAA, or UGA), and
therefore is not a substrate for translation termination by release factors RF1, RF2, and
RF3. Therefore, translation with poly-U does not terminate normally.
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This translation method allowed us to analyze specifically the effects of LI 1
mutations on the elongation phase of translation. One disadvantage of the poly-U
system, however, is that ribosomes can initiate at any place along the poly-U message.
Therefore, it was important to concentrate our analysis on the initial “burst” or linear
phase of poly-U translation, before a significant percentage of translating ribosomes
become stalled at the terminus of the mRNA, affecting the rate calculations.
Formation o f Translation Initiation Complexes

To begin our analysis, we first determined the efficiency of formation of the
initiation complex on each of the ribosome mutants. To do this, we incubated ribosomal
subunits isolated from each of the mutant strains (wild type, LI l +/‘, LI IN', and L ll')
with poly-U mRNA and radiolabeled N-Ac-Phe-tRNAphe and calculated the amount of
initiation complex from the amount of radioactivity retained after passing the complexes

Table 4.2. Formation of N-Ac-Phe-tRNAPhe
Initiation Complexes on L l l Mutant
Ribosomes
bStrain

Wild Type
LI 1
LI IN'
L ll'

“Percent of Ribosomes Forming Initiation
Complexes with Nac-Phe-tRNAPhe
38 ± 7%
31 ± 10%
40 ± 9%
23 ± 6%

aValues are calculated from two separate experiments adjusted to control for
the retention o f Nac- 3H-Phe-tRNAphe on filters in incubation without
ribosomes added.
bL l l '/+, strain lacking L l l gene but replaced in vivo on a plasmid; LI IN ',
strain lacking the N-terminal domain o f LI 1; L I 1', strain lacking ribosomal
protein LI 1.
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over nitrocellulose filters that retain ribosomes or complexes but do not retain unbound
N-Ac-Phe-tRNAPhe. Table 4.2 shows the levels of radiolabeled tRNA that form initiation
complex on each of the LI 1 mutant ribosomes.
As Table 4.2 illustrates, ribosomes from most of the strains were able to form
initiation complexes to comparable extents withN-Ac-3H-Phe-tRNAphe. The L ll ' strain
was the only strain that showed a marginally reduced ability to form the complex. This is
a factor that had to be considered in interpreting the results of translation assays.
Poly-U Translation on L l l Mutant Ribosomes

In our first test of the function of the LI 1 mutant ribosomes we compared the
rates of translation on a poly-U mRNA template that is driven by translation factors
supplied from a cytosolic fraction of E. coli. This cytosolic fraction (SI00) is prepared
by differential centrifugation of the lysate from disrupted E. coli cells (see Materials and
Methods for details) and contains initiation factors, elongation factors, termination

factors, and tRNA synthetases (to “charge” tRNA with amino acyl groups). Ribosomes
were initiated by incubating 50S and 30S subunits with poly-U mRNA and N-Ac-PhetRNAPhe. Ribosomal 30S subunits purified from mutant or wild type strains were used in
combination with 50S subunits from each strain to determine if the LI 1 mutations might
also affect the activity of 30S subunits from those strains. To initiated ribosomes was
added a mixture of tRNAphe and a system to replenish the supply of GTP from GDP
produced by factor-dependent hydrolysis during translation. This system consisted of
ATP, phosphoenolpyruvate and pyruvate kinase (291). SI00 was immediately added to
this mix to begin translation. Figure 4.1 displays a time course for synthesis of poly-Phe
in this translation system, and the calculated initial rates are listed in Table 4.3.
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Poly-U Translation on W ld Type and L11 Mutant
Ribosom es
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Figure 4.1. Initial rates o f poly-U Translation for Ribosomes with Subunits Purified from Wild Type
or L l l Mutant Strains. Experiments were carried out as described in the text and Material and
Methods. Incorporation o f acid-precipitatable poly-(l4C)Phe was measured by scintillation counting
portions o f the translation mix over 120 seconds. The results are averages o f two separate experiments with
the standard deviation shown. Ribosomal 50S subunits from L l l mutant strains were used in translation
experiments with 30S subunits either from the same strain or from the wild type strains as a control. WT,
wild type; L I I N ', ; LI IN ', subunits from a strain lacking the N-terminal domain o f L I 1; L I 1", subunits
from a strain lacking the entire LI 1 protein.

Ribosomes formed from wild type and LI l ’/+ subunits consistently translated the
poly-U message at a higher rate than those formed from subunits from mutant ribosomes
or from combinations of 50S subunits from mutants and 30S subunits from wild type
strains. The average rate of translation for the wild type strain was almost twice that of
ribosomes with LI IN' 50S subunits and three times that of ribosomes with L ll" 50S
subunits. Ribosomes with LI IN' 50S subunits translated at rates above those of with
L ll" 50S subunits. Part of this difference, however, may be attributable to the smaller
number of ribosomes capable of forming initiation complexes on LI 1' ribosomes (Table
4.2).
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Table 4.3. Poly-U Translation by Wild Type and L l l Mutant Ribosomes

bRibosome Subunit Composition (50S/30S)

a14C-Phe Incorporation
(picomoles/picomole
ribosomes/sec)

0.24 ± .04
0.13 ±.01
0.12 ±.02
0.08 ± .02
0.07 ±.01
0.23 ± .03

Wild Type (50S/30S)
LI IN' (50S/30S)
LI IN' (50S)/Wild Type (30S)
L ll' (50S/30S)
LI 1' (50S)/Wild Type (30S)
L ll '/+ (50S/30S)

V a lu e s were calculated from averages o f two experiments as shown in Figure 4.1 for each combination
o f subunits.
bL l IN ', strain lacking the N-terminal domain o f LI 1; LI 1', strain lacking ribosomal protein L l l .

“Factor-Free” In Vitro Translation on L l l Mutant Ribosomes

Our poly-U translation experiments confirmed that the LI 1 mutant ribosomes
have a defect in the elongation phase of translation. To determine if the defect is due to
elongation factor-dependent functions, we chose to test the ability of ribosomes from
each strain to synthesize poly-phenylalanine (Phe) in a system in the absence of
elongation factors. It is well known that ribosomes can carry out translation, albeit at
severely reduced levels, in the poly-U translation system in the absence of factors.
Therefore, we used this system to test whether any effects of the mutations on translation
elongation were due to a specific effect related to factor activity on the ribosome. The
results from the “factor-free” translation experiments are shown in Figure 4.2. They
illustrate the levels of production of acid-precipitatable poly-Phe after 2 hours of in vitro
translation. Factor-free translation showed a linear increase over two hours for each
strain, allowing us to estimate the rates of translation over this range (Table 4.4).
Translation rates on wild type ribosomes in this system were not significantly above the
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levels for ribosomes with LI IN' 50S subunits. However, ribosomes with LI 1' 50S
subunits translated at levels significantly lower than both wild type and LI IN' ribosomes.

"Factor-Free" Translation of Poly-U mRNA
by W ld Type and L11 Mutant R ibosom es
1.8
1.4

1.2

E

1

|

0.8
0.6

$

♦ WT:(50S'30S)
* L11N(-):(50S'30S)
L11(-):(50S/30S)
L11(-):(50S)/WT:(30S)

J 1 0.4

£

X L11lN(-):(50S)/Wr(30S)

0.2

0

20

40

60

80

100

120

t/s

Figure 4.2. “Factor free” Translation with a Poly-U mRNA Template. Translation o f poly-l4Cphenylalanine (Phe) was carried out under the conditions outlined in the Materials and Methods section at
the end o f the chapter. Incorporation o f acid-precipitatable poly-(14C)Phe was measured by scintillation
counting portions o f the translation mix over 2 hours o f incubation. Ribosomal 50S subunits from L l l
mutant strains were used in translation experiments with 30S subunits either from the same strain or from
the wild type strains as a control.The subunit composition o f the ribosomes used in translation are listed in
the legend. W T = wild type; LI 1N(-) = 50S subunits lacking the N-terminal domain o f L I 1; LI l(-) = 50S
subunits lacking the entire L l l protein.

Again, it is possible that the lower rates for ribosomes with L ll ' 50S subunits
reflect the decreased capacity of these ribosomes to form initiation complexes. These
results indicate that, at least for ribosomes with LI IN' 50S subunits, the defect in
translation is primarily related to elongation factor functions.
“Factor Free” Translation on L l l Mutants in the Presence o f Elongation Factors

Next we wished to know if the reduced poly-U translation levels of the factor-free
translation system could be improved by the addition of elongation factors. We added
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EF-G and EF-Tu separately, or added both together to factor-free translations to ascertain
the effect on the rates of elongation. As our earlier data had indicated that the defect in
factor-dependent poly-U translation was related to factor functions, we expected to find
that the addition of elongation factors would significantly improve translation on wild
type ribosomes would not significantly improve translation on ribosomes with L ll

Factor-Free" Poly-U Translation with Added EF-G
and EF-Tu
12
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♦ WT:(50S'30S)+ B^G'B^-Tu
■ L11N(-):(50S'30S)+ EF-GEF-Tl
L11(-):(50G30S)+ S^G B^Tu
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Figure 4.3. “Factor free” Translation with a Poly-U mRNA Template in the Presence o f Added
Elongation Factors. Translation o f poly-14C-phenylalanine (Phe) was carried out under the conditions
outlined in the Materials and M ethods section at the end o f the chapter. Incorporation o f acid-precipitatable
poly-(14C)Phe was measured by scintillation counting portions o f the translation mix over 2 hours o f
incubation. The subunit composition o f the ribosomes used in translation are listed in the legend. W T =
wild type; LI 1N(-) = 50S subunits lacking the N-terminal domain o f LI 1; LI l(-) = 50S subunits lacking
the entire LI 1 protein; EF-G, elongation factor-G; EF-Tu, elongation factor-Tu.

mutant 50S subunits. As Figure 4.3 and Table 4.4 illustrate, the rate of translation on
wild type ribosomes was improved almost 15-fold on wild type ribosomes by the addition
of EF-G and EF-Tu , while the rate of translation on LI IN" ribosomes and Lll"
ribosomes was improved approximately 10-fold.
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While the differences for wild type and L ll mutant ribosomes in factor-free
translation with added elongation factors agree with the magnitude of the differences seen
in normal factor-dependent poly-U translation, the addition of EF-G and EF-Tu does not
increase the rates of translation to levels approaching that in the poly-U system with
added SI 00. In fact, the rates are almost two orders of magnitude lower than in the
“factor-free” system with added elongation factors. We can only speculate on this large

'Factor-Free" Poly-U Translation with Added EF-G
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Figure 4.4. “Factor free” Translation with Added Elongation Factor-G. Translation o f poly-14Cphenylalanine (Phe) was carried out under the conditions outlined in the M aterials and Methods section at
the end o f the chapter. The incorporation o f poly-14C-Phe was as described in Figure 4.3 The subunit
composition o f the ribosomes used in translation are listed in the legend. W T = wild type; LI 1N(-) = 50S
subunits lacking the N-terminal domain o f LI 1; LI l(-) = 50S subunits lacking the entire LI 1 protein; EFG, elongation factor-G.

difference in the two systems (see discussion below). Also, the differences in translation
with added elongation factors between wild type and L ll mutant ribosomes do
notdistinguish between the effects of added EF-G and EF-Tu on translation. Therefore,
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we sought to elucidate these effects by adding the factors separately to factor-free
translation systems.
The effects on “factor-free” translation of the addition of EF-G or EF-Tu alone
are shown in Figure 4.4 and are listed in Table 4.4 below. The addition of EF-G alone
increases the rate of translation 4-fold over factor-free translation without added EF-G for
wild type ribosomes, while it increases the rate for LI IN' ribosomes about 2.7-fold and

'Factor-Free" Poly-U Translation with Added EF-Tu
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Figure 4.5. “Factor free” Translation with Added Elongation Factor-Tu. Translation o f poly-14Cphenylalanine (Phe) was carried out under the conditions outlined in the Materials and Methods section at
the end o f the chapter. The incorporation o f poly-14C-Phe was as described in Figure 4.3 The subunit
composition o f the ribosomes used in translation are listed in the legend. W T = wild type; L I 1N(-) = 50S
subunits lacking the N-terminal domain o f LI 1; LI l(-) = 50S subunits lacking the entire LI 1 protein; EFTu, elongation factor-Tu.

the rate for LI 1' ribosomes 2-fold. The addition of EF-Tu to the system increased
translation rates on all ribosomes greater than 4-fold. The fact that EF-G does not
increase translation on LI 1' and LI IN' ribosomes to the same extent as wild type
ribosomes, while EF-Tu increases translation to a similar extent for wild type and mutant
111
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Table 4.4. “Factor-Free” Poly-U Translation without/with
Added Elongation Factors
N o Factor
aRate/(bFold
Decrease Relative
to W ild Type)

± EF-Tu
aRate/(bFold
Decrease Relative to
W ild Type)

+ EF-G
aRate/(bFold
Decrease Relative to
Wild Type)

+ EF-Tu/EF-G
aRate/(bFold
Decrease Relative to
W ild Type)

cRibosome
Subunit
Composition
(50S/30S)
0.053 ±.005/(1)
0.21 ± .03/(1)
W ild Type
0.014 ± .004/(1)
0.064 ± .008/(1)
(50S/30S)
0.011 ±.002/(1.4)
L I IN '
(50S)/Wild
Type (30S)
0.13 ±.02/(1.6)
0.056 ±.005/(1.1)
0.035 ±.009/(1.5)
L I IN '
0.013 ± .003/(1.1)
(50S/30S)
0.006 ± .002/(2.3)
Lll'
(50S)/Wild
Type (30S)
0.012 ± .004/(4.4)
0.071 ± .017/(3.0)
0.025 ± .006/(2.6)
Lll'
0.006 ± .003/(2.3)
(50S/30S)
“Rate values are in picomoles 14C-Phe incorporated/picomoles ribosomes/min and were calculated from
an average o f 2 experiments.
bFold decrease was determined by calculating the ratio o f wild type to LI 1 mutant translation rates.
CL 11N', strain lacking the N-terminal domain o f L 11; L 11', strain lacking ribosomal protein L l l .

ribosomes, indicates that the defect in elongation on the LI IN' ribosomes may be
primarily due to a defect in the interaction and/or function of EF-G with these ribosomes.
EF-G-Dependent GTP Hydrolysis by L l l Mutant Ribsomes

As the in vitro translation analysis indicated a decrease in the activity of EF-G
during elongation in LI 1 mutant ribosomes, we analyzed one aspect of EF-G function,
the hydrolysis of GTP that occurs during translocation on the ribosome. Hydrolysis of
GTP in the GTP-binding domain of EF-G is believed to occur following the transfer of
the nascent peptide from P- to A-site tRNA during the process of EF-G-dependent
translocation of A- and P-site tRNA to the P- and E-sites respectively.

112

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

As LI 1 and the LI 1-binding rRNA are linked to the other elements of the
GTPase-associated region (GAR), we hypothesized that the effect of the LI 1 mutations
on EF-G-dependent functions on the ribosome might be a result of a defect in either the

GTP Hydrolysis on VMId Type and
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Figure 4.6. EF-G-Dependent GTP Hydrolysis on Wild Type and L l l M utant 70S Ribosomes. GTP
hydrolysis assays were carried out under the conditions outlined in the Materials and M ethods section at the
end o f the chapter. The levels o f GTP hydrolyzed at different time points were calculated from the ratios o f
the intensities o f bands representing radiolabeled (o:-32P)-GDP and (a-32P)-GTP when portions o f reactions
were separated by thin-layer chromatography, and are an average o f two separate experiments. The
ribosomes used in the assays are listed in the legend. WT = wild type; LI 1N(-) = 70S ribosomes lacking
the N-terminal domain o f LI 1; LI l(-) = 70S ribosomes lacking the entire LI 1 protein.

activation of GTPase activity or a defect in the turnover of the factor on the ribosome. To
test this, we compared the EF-G-ribosome-dependent GTPase activity of the wild type
and mutant ribosomes. Figure 4.6 illustrate the EF-G-dependent GTP hydrolysis rates of
wild type and L ll mutant ribosomes in the presence of a stoichiometric ratio of EF-G to
ribosomes. The rate of hydrolysis in this system gradually decreases with time as the
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GTP is consumed in the assay. However, the rates are relatively linear over the first two
minutes. Therefore, we calculated the initial rates of GTP hydrolysis from the first two
minutes of data and compared the values for wild type and L ll mutant ribosomes (Figure
4.7 and Table 4.5).
In this system, with a stoichiometric ratio of EF-G added to ribosomes, EF-Gdependent GTP hydrolysis was significantly reduced relative to wild type ribosomes on
both LI IN' and L IE ribosomes. The initial rate of hydrolysis for LI IN' ribosomes is
around one-half that of wild type ribosomes, while that for LI 1' ribosomes is only onefifth that of wild type ribosomes (Table 4.5).
If the LI 1 mutations cause a defect in the turnover of EF-G on the ribosome, we
would expect to see the rates of GTP hydrolysis on LI 1 mutant ribosomes fall relative to
wild type ribosomes when conditions favor high turnover of the factor. This proved to be
true in our analysis. When a sub-stoichiometric (catalytic) ratio of EF-G to ribosomes
was used in the GTP hydrolysis assays (Figure 4.8), we saw an even greater inhibition of
the rate of GTP hydrolysis relative to wild type ribosomes on LI IN' and L ll" ribosomes.
These conditions that favor an increase in turnover of EF-G on ribosomes led to initial
rates of approximately one-third relative to wild type rates for LI IN' ribosomes and
approximately one-ninth relative to wild type rates for LI 1' ribosomes (Table 4.5). The
results favor the interpretation that turnover of EF-G is somehow inhibited in the absence
of at least the N-terminal domain of LI 1. However, the even greater inhibition of GTP
hydrolysis on LI 1' ribosomes relative to LI IN' ribosomes with both stoichiometric and
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catalytic amounts of EF-G suggests that another aspect of EF-G function on the
ribosome, possibly EF-G binding or EF-G-dependent translocation, may also be inhibited
on the ribosome in the absence of the entire L ll protein.
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Figure 4.7. Initial Rates o f EF-G-Dependent GTP Hydrolysis on Wild Type and L l l M utant 70S
Ribosomes. The figure illustrates the hydrolysis rates in the first two minutes o f the assay from Figure 4.6
and the initial rates calculated from the linear fits o f the data are listed in Table 4.5. W T = wild type;
L I 1N(-) = 70S ribosomes lacking the N-terminal domain o f L I 1; LI l(-) = 70S ribosomes lacking the entire
L l l protein.
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GTP Hydrolysis on VMId Type and L11 Mutant
Ribosom es (Multiple Turnover)

7 00
6 00

w

5

500

-WT:(70S)

I

E

400

- L11N(-):(70S)

|

300

L11(-):(70S)

5
£

200
100

0

5

10

20

15

t/rrin
Figure 4.8. EF-G-Dependent GTP Hydrolysis with Catalytic Levels o f EF-G. The levels o f GTP
hydrolysis were calculated as described in Figure 4.6. The values are averages o f two experiments.
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Figure 4.9. Initial rates o f EF-G-Dependent GTP Hydrolysis with Catalytic Levels o f EF-G. The
figure illustrates the hydrolysis rates in the first two minutes o f the assay from Figure 4.8 and the initial
rates calculated from the linear fits o f the data from two separate experiments are listed in Table 4.5. WT
wild type; LI 1N(-) = 70S ribosomes lacking the N-terminal domain o f LI 1; L I l(-) = 70S ribosomes
lacking the entire LI 1 protein.
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Table 4.5. EF-G-Dependent GTP Hydrolysis on Wild Type and
L ll Mutant Ribosomes

aGTP Hydrolysis (pmole
GTP/min/pmole ribosome)

bRibosome Strain

GTP Hydrolysis with a Super-Stoichiometric Ratio of EF-G to Ribosomes
1051 ±44
Wild Type (70S)
538 ±51
LI IN" (70S)
193 ±26
L ll" (70S)
GTP Hydrolysis with a Sub-Stoichiometric Ratio oif EF-G to Ribosomes
192 ± 17
Wild Type (70S)
77 ± 19
LI IN' (70S)
21 ± 9
Lll" (70S)
aInitial rates o f GTP hydrolysis were calculated from Figure 4.7 and 4.9 using the method described in
Figure 4.6. Values are an average o f two or greater separate experiments.
b70S Ribosomes from the following strains were assayed: W ild type; LI IN ', strain lacking the Nterminal domain o f LI 1; LI 1", strain lacking ribosomal protein L l l .

Discussion
The functional analysis described above indicated a significant defect in growth
rate, in vitro translation rate, and ribosome/EF-G-dependent GTP hydrolysis for each of
the ribosomal protein L ll mutant strains tested. In this section we discuss these results in
the context of previous research and a model for the function of LI 1 during translation.
Growth Characteristics
The analysis of the growth characteristics of wild type and L ll mutant strains
indicated that all strains with mutations in the gene for ribosomal protein LI 1 had at least
a small reduction in growth rate relative to wildtype at all growth temperatures tested.
The strain lacking the entire L ll protein (Lll") was the most severely affected, while the
strain with the C-terminal domain of LI 1 replaced on a plasmid (LI IN") had an
intermediate growth defect and the strain with the entire LI 1 protein replaced on a
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plasmid had only a slight growth defect. Inducible expression of LI 1 on a plasmid rather
than from the chromosomal locus probably subverts cellular regulation of the LI 1 gene.
Normally, the synthesis of ribosomal proteins is coordinately regulated with the assembly
of mature ribosomes, often by a feedback mechanism (292). For instance, the LI 1
operon contains the genes for LI 1 (rplK) and LI (rplA). When LI synthesis exceeds its
use in ribosome biogenesis, it binds the mRNA leader of the LI 1 gene and translationally
represses synthesis of both L ll and the downstream LI gene (293). Therefore,
expression of LI 1 on an inducible plasmid subverts this regulation mechanism, leading to
over-expression of LI 1. As LI 1 has been found to be involved in the interactions with
both release factor-1 (RF1) (152) and the stringent factor RelA on the ribosome, it is
possible that over-expression of the protein could titrate these factors to some extent
inside the cells. This may be the cause of the somewhat slower growth phenotype for the
LI l +/‘ strain.
The LI 1 mutant strains used in this study were produced by a gene replacement
technique that resulted in the deletion of the coding sequence for 83 amino acids (40-122)
of the LI 1 gene, but that did not disrupt the regulatory elements necessary for normal
translation and regulation of LI (153). Therefore, normal levels of LI were produced in
L ll knockout strains, as judged by their incorporation in cellular ribosomes (152). Table
4.1 also indicates a previously noted temperature-dependent lethality of the LI 1 knockout
mutation. Van Dyke et al have previously reported the lethal effect of the knockout
mutation in the LI 1' strain and attributed this to destabilization of the LI 1-binding rRNA
in the absence of the C-terminal domain of LI 1 (153).
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In Vitro Translation
In the poly-U in vitro translation system using the cellular SI 00 fraction, L ll ' and
LI IN' ribosomes had a significantly reduced rate of poly-U translation relative to wild
type ribosomes. The system does not approach rates of synthesis estimated for in vivo
translation or in an optimized system with purified translation factors, tRNA synthetases,
and a GTP regeneration systems (~10 picomoles Phe incorporated per second) (294). The
rates of poly-Phe synthesis are almost two orders of magnitude lower than this level. We
can only speculate on this large difference in the two systems. It may be the combination
of the stimulatory effects of the recycling of GTP to keep an optimal ratio of GTP to
GDP for factor function and the effects of the recycling of amino-acylated tRNAphe. This
may be due to our use of a less optimal buffer/ion system or less than optimal translation
factor (elongation factors and tRNA synthetases) concentrations in the SI00 fraction.
However, our system was used with levels of SI00 that provided the highest levels of
poly-Phe synthesis in our analysis (data not shown).
In this translation system, L l l ' and LI IN' had a significantly reduced rate of
poly-Phe synthesis relative to wild type and LI l'/+ ribosomes. This inhibition of
translation for LI 1' ribosomes is consistent with previous analysis of LI 1' ribosomes
obtained as resistance mutations to the antibiotic thiostrepton (288). Some of the
inhibition may have been due to the lower capacity of LI 1' ribosomes to form initiation
complexes with N-Ac-Phe-tRNAphe that was observed. It is not clear why the LI 1'
ribosomes would have a lower affinity for N-Ac-Phe-tRNAPhe than wild type and LI IN'
ribosomes, as LI 1 and the LI 1-binding rRNA do not form part of the P-site tRNA
binding pocket seen in the x-ray crystal structure of the ribosome/tRNA complex (99).
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The same crystal structure model, however, indicated that the LI 1-binding rRNA may
interact with a 23 S rRNA stem-loop around nucleotide 2475 that forms part of the A-site
tRNA binding at the base of its stem (99). It is possible that disruption of the LI 1binding rRNA structure destabilizes this interaction and modulates the structure of
proximal tRNA binding sites on the large subunit, leading to a lower affinity for tRNA.
The LI IN' mutant retaining the rRNA-binding C-terminal domain should not destabilize
the structure of the LI 1-binding rRNA to the same extent (140), possibly explaining the
differences in the affinities for N-Ac-Phe-tRNAphe for the two L ll mutants.
The fact that ribosomes formed from combinations of LI 1 mutant 50S subunits
and wild type 3OS subunits showed similar activities in the translation assays to those
formed from 50S subunits and 30S subunits from mutant strains confirms that the
mutations do not affect 30S function in translation. The inhibition of N-Ac-Phe-tRNAPhe
binding noted above for LI 1' mutant ribosomes, however, could also be a result of
inhibition or destabilization of the association of 50S and 30S subunits in forming the
initiation complex. L IT mutant 70S ribosomes were stable when purified from mutant
strains, but could be destabilized by formation of the initiation complex. Interestingly,
Naaktgeboren et al. previously found that thiostrepton binding in the LI 1-binding region
impairs coupling of 50S and 30S in IF2-dependent formation of the initiation complex
with mRNA and fMet-tRNAfMet (295). It is tempting to speculate that these two
phenomena are related. To clarify the issue of the stability of the initiation complex on
the LI 1' mutant ribosomes it will be necessary in the future to carry out equilibrium
centrifugation studies. Such studies would allow us to compare the affinities of the
initiating tRNA for wild type and mutant ribosomes under equilibrium conditions.
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EF-G/Ribosome-Dependent GTP Hydrolysis

GTP hydrolysis by EF-G on the ribosome has previously been linked to LI 1 and
the LI 1-binding domain through research on the affects of the antibiotic thiostrepton that
binds in the LI 1-binding domain, and by research on the affects of the LI 1 mutants
selected for by resistance to thiostrepton. Thiostrepton binding inhibits EF-G dependent
GTP hydrolysis either by inhibiting the interaction of EF-G with the ribosome (166), or
by inhibiting the turnover of the factor on the ribosome (169). In thiostrepton resistance
mutants of Bacillus megaterium, the absence of LI 1 was found to significantly reduce the
level of EF-G-dependent GTP hydrolysis with stoichiometric ratios of EF-G added to
hydrolysis reactions (288).
Several factors could lead to a decrease in GTP hydrolysis rates on the LI 1
mutant ribosomes. For instance, GTP hydrolysis would be reduced if the mutations cause
a decrease in the affinity of the LI 1 mutants for the EF-G in the steps in translocation
preceding GTP-hydrolysis. Our studies on the binding of EF-G to LI 1 mutant ribosomes
in the post-GTP hydrolysis (fusidic acid stabilized) state in Chapter 3 (Figure 3.5)
indicated that binding of EF-G was severely inhibited on LI 1' ribosomes, but not on
LI IN' ribosomes. In addition, our chemical modification probing studies on wild type
and L ll mutant ribosomes showed that protection of 23S rRNA residues in both the LI 1binding domain and the sarcin-ricin stem-loop (SRL) domain were reduced for LI 1'
ribosomes in both the post-GTP hydrolysis (fusidic acid stabilized) and the pre-GTP
hydrolysis (in the presence of the non-hydrolyzable GTP analog GDPNP) states (Table
3.3). It is likely, therefore, that the lower affinity of LI 1' ribosomes for EF-G contributes
to the reduction in GTP hydrolysis for these ribosomes.
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In these same assays, we did not detect inhibition of EF-G binding to LI IN'
ribosomes in the post-GTP hydrolysis state, and only one residue, A2660 in the SRL
domain, was significantly less protected from chemical modification in the pre-GTP
hydrolysis state relative to wild type ribosomes (Table 3.3). The data do not suggest that
a decrease in affinity for EF-G on LI IN' ribosomes contributes significantly to the
decrease in GTP hydrolysis rates. In the future our analysis would benefit from an assay
designed to test directly for binding of EF-G to ribosomes in the pre-GTP hydrolysis
state. A defect at this stage in the EF-G interaction with the ribosome could explain some
of the results we observed. Such an experiment could be undertaken by utilizing a
radiolabeled, non-hydrolyzable GTP analog in binding reactions similar to those
undertaken for the fusidic acid-stabilized (post-GTP hydrolysis) state of EF-G on the
ribosome.
Differences in the rate of turnover of EF-G on the ribosome following GTP
hydrolysis may also play a role in decreased rates of GTP hydrolysis on the LI 1 mutant
ribosomes. In the present study, the rates of EF-G-dependent GTP hydrolysis on LI 1
mutant ribosomes were more severely reduced under conditions that favored increased
turnover of the factor. The differences between GTP hydrolysis rates in the presence of
stoichiometric and catalytic levels of EF-G on wild type and L ll mutant ribosomes found
in this study do suggest that the decreases in the rate of turnover of the EF-G on the LI 1
mutant ribosomes could lead, at least in part, to a reduction in the rates of GTP hydrolysis
on the mutant ribosomes. Further elucidation of the primary cause of the reduction of
EF-G-dependent GTP hydrolysis rates on LI 1 mutant ribosomes would benefit from a
more systematic kinetic analysis of the rates using an array of EF-G concentrations.
122

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Also, it would be helpful compare the rates of GTP hydrolysis in multiple turnover
reactions with the rates of single round GTP hydrolysis for wild type and mutant
ribosomes. The assays utilized by the authors in this study are too slow to resolve single
round GTP hydrolysis, but a strategy to test the rates in a stopped-flow kinetics device
would help to resolve these differences.
The differences shown between the wild type and L ll mutant ribosomes for GTP
hydrolysis agree well with the differences in “factor-free” translation with added EF-G in
Table 4.4. Although the rates of EF-G-dependent GTP hydrolysis and elongation cannot
be directly correlated, the data do suggest a link between the two phenomena. It is also
tenuous to try to directly correlate the reductions in in vitro translation and EF-Gdependent GTP hydrolysis with the reductions observed in growth rates for the strains
harboring the LI 1 mutant ribosomes. A reduction in the rate of the elongation stage of
protein synthesis in bacteria, however, would almost certainly lead to reductions in
growth rates.
Materials and Methods
Isolation o f Wild Type and L l l Mutant 70S Ribosomes and Subunits

Isolation of 50S and 30S subunits from the wild type and L ll mutant strains was
as described in Chapter 2 for MRE600 Escherichia coli ribosomes. To isolate 70S
ribosomes, the same protocol was used with the following deviation: Instead of using 1.5
mM MgCL in the isolation buffers, a concentration that favors stabilization of subunit in
70S complexes, (10 mM MgCf) was used in the differential and sucrose gradient
centrifugation steps. An SI00 fraction was purified from the initial cell lysate by
collecting the supernatant after the first differential centrifugation (60,000 rpm in the
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Ti70 rotor) step and dialyzing 3 times (4 hours each) against 2 L of 70S isolation buffer
(10 mM Tris-Cl (pH 7.5), 60 mM KC1, and 10 mM MgCl2) with dithiothreitol (DTT)
added to a concentration of 2 mM and glycerol added to 10%. Aliquots (50 pL) of the
final solution were frozen and stored at -80° C before use.
Formation o f Ribosome Initiation Complexes with N-acetyl-Phe-tRNAFHe

In reactions, 10 units (~10,000 pmoles) of purified tRNAPhe (Sigma) in 500 pL of
H20 was amino-acylated with phenylalanine by the addition of 100 pL 10X HMK buffer
(20 mM HEPES (pH 7.6), 10 mM MgCl2, 100 mM KC1), 191 pL H20 , 100 pL of SI00
cell lysate fraction from Esherichia coli as a source of amino-acyl synthetase enzyme, 2
pL of 5 mg/mL pyruvate kinase (Sigma), 2 pL of 100 mM CTP, 25 pL of ATP, 25 pL of
100 mM phosphoenolpyruvate (PEP), 5 pL of 50 mM DTT, 20 pL of L-[14C]phenylalanine (Amersham), and 60 pL of 1 mM L-phenylalanine (Sigma). The solution
was incubated for 30 minutes at 30° C followed by the immediate addition of 2 M
potassium acetate (pH 5.4) to a final concentration of 0.3 M. Then, we added 1.3 mL of
acidic (pH 4.3) phenol and the solution was shaken for 15 minutes on ice to extract the
tRNA. The solution was then centrifuged at 3500 rpm for 5 minutes, the phenolcontaining supernatant was removed, and 3.2 mL of cold 95% ethanol was added to
precipitate the tRNA. The tRNA was precipitated at -20 ° C for at least 1 hour and then
centrifuged at 8500 rpm for 30 minutes. Following centrifugation, the supernatant was
removed, the tRNA pellet was dried by centrifugation under vacuum (spinvac), and the
pellet was resuspended 2 mL of 0.3 M potassium acetate (pH 5.4). The solution
precipitated twice more using the procedure outlined above and the final pellet was
resuspended in HMK buffer. Approximately 2 nmoles of amino-acylated tRNA was
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recovered after the reaction based upon UV spectroscopy (195 M‘1crrf1extinction
coefficient at 257.6 nm).
14C-Phe-tRNAPhe was N-acetylated by the addition to 400 pL 14C-Phe-tRNAphe of
400 pL of 2 M potassium acetate (pH 5.0) and 40 pL of acetic anhydride added in 8 pL
aliquots over 60 minutes. The reaction was precipitated twice with the addition of a 2X
volume of cold 95% ethanol, incubation at -200 C and centrifugation at 8500 rpm for 30
minutes. The final pellet was resuspended in 50 mM potassium acetate (pH 5.0) and NAc-[14C]Phe-tRNAphe was separated from unacytelated 14C-Phe-tRNAphe by phenyl
superose HPLC. Approximately 1 nmoles of N-Ac-[14C]Phe-tRNAphe was recovered
after the reaction based upon UV spectroscopy (195 M"lcm'1extinction coefficient at
257.6 nm).
Binding of N-Ac-[14C]Phe-tRNAPheto wild type and mutant ribosomes was
assayed by nitrocellulose filtration. Poly-U mRNA (20 pg) (Sigma), 25 pmoles of 50S
subunits, and 40 pmoles of 30S subunits were mixed in HMK buffer and incubated at 37°
C for 15 minutes. To this solution was added 35 pmoles of N-Ac-[14C]Phe-tRNAphe, the
volume was adjusted to 50 pL with HMK buffer, and incubation was continued for 30
minutes at 37° C, followed by incubation on ice for 10 minutes. The solutions were
diluted to 1 mL with cold HMK buffer and were immediately filtered over presoaked
0.45 pm nitrocellulose filters (Millipore) under vacuum. The filters were washed 3 times
with cold HMK buffer and dried under vacuum. When completely dry, the radioactivity
that remained on the filters was quantified in liquid scintillant on a Packard scintillation
counter. The percentage of ribosomes with bound Nac-14C-Phe-tRNAPhe was calculated
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from the predetermined amount of radioactivity per picomole of radiolabeled tRNA,
corrected for background retention on the filters.
Poly-U Translation
Poly-U translation was carried out on 70S ribosomes formed from wild type and
LI 1 mutant 50S and 30S subunits in the following manner. A ribosome mix of 25 pL
was made containing IX HMK buffer with 2 mM DTT, 25 pmoles of 50S subunits, 40
pmoles of 30S subunits, 20 pg of poly-U mRNA (Sigma) and 35 pmoles of N-Ac-PhetRNAphe and was incubated for 15 minutes at 37 0 C. Meanwhile, a factor mix of 25 pL
was made containing IX HMK buffer with 2 mM DTT, 2 mM ATP, 5 mM GTP, 100
mM PEP, 5 pg of pyruvate kinase (Sigma), 1 mM L-[14C]-phenylalanine at around 5
c.p.m/pmol (Amersham), and 5 pL of SI00 fraction. The two solutions were mixed to
start the translation and tubes were incubated for the desired time at 37 ° C. Translation
was stopped by the addition of 25 pL of 450 mM potassium hydroxide and a portion of
the translation mixture was spotted on filter paper (Whatman). Poly-[14C]Phe peptides on
filter paper were precipitated in 10% trichloroacetic acid (TCA) for 30 minutes at room
temperature. [I4C-Phe] on excess [14C]Phe-tRNAPhe in the reactions was hydrolyzed by
placing the filters in boiling 5% TCA for 5 minutes. The filters were washed three times
with room temperature 5% TCA, once with a 1:1 diethyl ethenethanol solution, and once
with a diethyl ether-only solution. The filters were dried for 30 minutes and the amount
of acid-precipitatable poly-Phe peptide remaining was quantified by liquid scintillation
counting, corrected for background in reactions without added ribosomal subunits. The
quantity of acid-precipitatable poly-[14C]Phe synthesized was calculated from the
predetermined amount of radioactivity per picomole of [14C]Phe added to reactions.
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“Factor-Free” poly-U translation assays were carried out in the same manner as
normal poly-U translation with the following deviations. S100 fraction or [14C]Phe were
not added to the factor mix. Instead, 1 mM [I4C]Phe-tRNAphe was added as a source of
amino-acylated tRNA. When elongation factors (EF-G or EF-Tu or both) were added to
the “factor-free” system, they were added to the factor mix to a final concentration of 0.1
pM.
EF-G/Ribosome-Dependent GTP Hydrolysis

GTP hydrolysis assays were carried out in the following manner. First, 25 pmoles
of 70S ribosomes were incubated in IX HMK buffer for 15 minutes at 37 ° C. To the
ribosomes was added either 25 pmoles of EF-G for stoichiometric assays or 5 pmoles of
EF-G for sub-stoichiometric assays and the volume was adjusted to 49 pL with IX HMK
buffer. To this mixture was added 1 pL of 125 mM [ o 32P]GTP mix (~10 cpm/pmole) to
start the hydrolysis reaction. After the specified times, the reactions were stopped by the
addition of 25 pL of a solution of 25% formic acid/5% TCA. The reactions were
centrifuged at 8000 rpm for 10 minutes and aliquots were spotted on the bottom of
polyethyleneimine cellulose TLC plates (J.T. Baker Chemical Co). The plates were dried
and run in a covered chamber for 2.5 hours in a solution of 0.75 M Tris, 0.45 HC1, and
0.5 M LiCl. After chromatography, the plates were dried and radioactivity was
quantified on phosphorimager plates using the supplied software. The amount of GTP
hydrolyzed was calculated from the ratio of radioactivity in spots identified as [a-32P]GDP relative to the that remaining in [a-32P]GTP spots for each TLC lane. The values
were corrected for [ o 32P]-GDP present in reactions without EF-G or ribosomes added
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and for the levels of GTP hydrolyzed in reactions with only EF-G added at each time
point (uncoupled GTP hydrolysis).
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Chapter 5
Summary and Conclusions
Introduction
In this study we have we have investigated the structure and function of the
complex of ribosomal protein LI 1 and the LI 1-binding region (LI 1BR) of rRNA, a
region of the large subunit of the prokaryotic ribosome involved in translation factor
interactions during protein synthesis. The complex is part of the GTPase-associated
region (GAR), a loosely defined combination of large subunit ribosomal elements that
have been linked to ribosome-coupled GTP hydrolysis by the translational GTPase
factors; IF2, EF-G, EF-Tu, RF3, and RRF. The elements include an rRNA element
protected by factor binding to the large subunt, the sarcin/ricin stem-loop (SRL), a
protein stalk on the large subunit that includes ribosomal protein L10 and two dimers of
proteins L7 and L I2 (L10.(L7/L12)2) that is believed to be involved in GTPase
activation, and the LI 1/Ll 1BR complex.

Localization of the LI 1-Binding Region in the GTPase-Associated
Region of the Large Subunit
Proximity and Dynamics o f Elements in the GTPase-Associated Region (GAR)

We began our study by investigating the relative positions of the GAR elements
on the large subunit (Chapter 2). As all these elements interact with translation factors,
we postulated that, although distal in the secondary structure of the large subunit (Figure
1.9), they might be proximal to each other in the tertiary structure of the rRNA. By
localizing a chemical nuclease to the SRL to probe surrounding rRNA, we found that the
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LI 1/Ll 1BR complex is within 25 A of this stem-loop. As the L 1 0 . ( L 7 / L 1 2 ) 2 stalk binds
to the large subunit at the base of the LI 1-LI 1BR (3), we reason that all of the GAR
elements are probably proximal in the tertiary structure of the large subunit.
The results in Chapter 2 provided evidence of the proximity of several large
subunit rRNA elements to the SRL. The elements include the stem-loop around 23S
rRNA residue 2530, the stem-loop around 23S rRNA residue 2750, and the LI 1BR of
23 S rRNA around residue 1070. The recent publication of high resolution crystal
structures of large subunits allows us to interpret these results in relation to factordependent functions during translation on the ribosome. As illustrated in Figure 5.1, the
SRL (red), the LI 1/Ll 1BR complex (grey and green respectively), the 2530 stem-loop
(blue), and the 2750 stem-loop (purple), are localized in one comer of the large subunit.
The SRL and LI 1/Ll 1BR complex are situated to interact with adjacent sites on EF-G.
The L10.(L7/L12)2 stalk interacts with the rRNA stem that supports the LI 1BR but is
flexible and was not resolved in the subunit crystal structure (1,6). The 2750 stem-loop
mns parallel to the SRL and the tip of this stem-loop interacts with the lower stem of the
LI 1BR. The proximity of this element to both the SRL and LI 1BR puts it in a unique
position to serve as a possible bridge between these two functional elements. Our
structural probing suggested that this element may be flexible on the large subunit, and
this flexibility could conceivably account for the coupling of conformational changes that
have been seen between the SRL and LI 1BR in response to either thiostrepton binding in
the LI 1BR (7) or the activity of the ribotoxins on the SRL (8).
The 2530 stem-loop (Figure 5.1, blue) also mns parallel to the SRL in the large
subunit crystal structure model. The tip of the stem-loop nestles against the tip of the
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SRL stem-loop. The two structures also are in close proximity and possibly interact with
an rRNA internal loop around nucleotide A2565 (Figure 5.1, yellow). At the opposite
end of this rRNA structure is the 2550 stem-loop, a loop consisting of conserved residues
that is believed to form part of the A site tRNA binding pocket in the peptidyl transferase
center. The proximity of these elements and the flexibility of the 2530 stem-loop
indicated from the present study suggests a possible functional link between the SRL and
the peptidyl transferase center. The mechanism for EF-G-stimulated translocation of
tRNAs could include a step in which association of EF-G with the SRL or a
conformational change in the factor following GTP hydrolysis induces a conformational
change in the 2530 stem-loop that is transduced to the peptidyl transferase center through
the 2565 internal loop and 2550 stem-loop. This model could, in part, account for the
“unlocking” or destabilization of the tRNA binding elements of the peptidyl transferase
center that would be necessary for translocation of P and A site tRNA across the
ribosome to occur. Recently, Wilson et al. observed differences in the protection pattern
of the SRL from hydroxyl radical cleavage when EF-G is in the pre- and post
translocation states (9), providing further evidence that EF-G modulates the structure of
the SRL. The effects in the SRL suggested that EF-G interacts weakly with the SRL
before mRNA translocation and strongly and more extensively with this stem-loop
following mRNA translocation. The combination of our probing studies of the GAR and
these recent observations provide evidence for a structurally-linked and dynamic region
of the large subunit that may serve to transduce the signal from EF-G for translocation.
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Figure 5.1. GTPase-Associated Region (GAR) on the Large Subunit o f the Prokaryotic Ribosome. The
elements o f the GAR identified in this study are highlighted on the crystal structure model o f the large
subunit from Deinococcus radiodurans (1). The possible functional implications o f the proximal elements
are described in the text. Orange, rRNA backbone o f large subunit; red, SRL; green, LI 1BR; purple, 2750
stem-loop; blue, 2530 stem-loop; yellow, rRNA structure containing the internal loop around nucleotide
A2565 and the 2550 stem-loop; grey, protein backbone model o f ribosomal protein LI 1. LI 1C, C-terminal
domain o f LI 1; LI IN , N-terminal domain o f LI 1.
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Structural Dynamics and EF-G Interactions of the LI 1-Binding Region
Thiostrepton and EF-G do not cause extensive conformational changes in the L11BR

Chemical nuclease probing from the SRL also revealed a possible conformational
change that occurs in the LI 1BR in response to binding of the antibiotic thiostrepton.
This observation led us to hypothesize that the LI 1BR may shift between more than one
functionally important conformation during translation on the ribosome, including one
conformation that could be unproductively trapped by the antibiotic. To approach this
question, we used small, diffusible chemical probes to further investigate the structural
dynamics of the LI 1BR when thiostrepton binds in the domain (Chapter 3).
As a result of this analysis, we found that the binding of thiostrepton to the
LI 1BR induces structural changes outside of the thiostrepton binding cleft that probably
include tightening of the interaction between LI 1 and the LI 1BR. It has been postulated
that when thiostrepton binds in the LI 1BR it “traps” one conformation of the LI 1BR,
thereby preventing a conformational change in the rRNA that is induced by EF-G
interactions and is necessary for stimulating translocation (10). The structural changes
we observed were outside of the purported thiostrepton binding site (11,12), suggesting
that thiostrepton binding modulates the structure of the domain. The changes, however,
were localized to only a limited number of residues. Therefore, it is unlikely that
thiostrepton binding modulates a significant conformational change of the entire LI 1binding domain.
As ribosomal protein LI 1 also binds the rRNA in this domain, we expanded the
research in Chapter 3 to investigate if the status of LI 1 binding on the large subunit
affects the structure of the LI 1BR. We postulated that the status of LI 1 may regulate a
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possible functionally important conformation of the LI 1BR. Specifically, we
hypothesized that the N-terminal domain of might act as a molecular switch, inducing
structural changes in the LI 1BR by reversibly dissociating from the rRNA in response to
antibiotic or translation factor interactions. To help answer this question, we probed wild
type and LI 1 mutant ribosomes to compare the structures of wild type ribosomes with
those lacking the entire LI 1 protein (LIT) and those lacking just the N-terminal domain
o f L l l (LIIN).
We found that the structure of the LI 1BR is conformationally flexible only when
ribosomes lacked the entire protein and not when they lacked only the N-terminal
domain. Our analysis does not support a model in which the dissociation of the Nterminal domain of LI 1 causes a conformational switch in the LI 1-binding domain
during translation. Our evidence does supports a model that suggests that the C-terminal
domain is primarily responsible for binding of LI 1 to rRNA and stabilization of the
rRNA structure, while the N-terminal domain is only tenuously associated with the
LI 1BR (13). The absence of the LI 1 N-terminal domain only affects the accessibility of
a few isolated LI 1BR residues thought to be involved in direct interactions with the
domain.
Similarly, our results (Chapter 3) suggested that EF-G binding to the LI 1-binding
rRNA does not cause extensive conformational changes in the LI 1BR. The limited
number of residues protected when EF-G was bound to ribosomes in the pre- or post
translocation state could be explained by direct interactions between the factor and the
rRNA.
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f igure S.z. Structures ot the n i l / l A l-Binding rKlNA Complex and translation f actor E f-I*. (AJ
Complex o f LI 1 and the LI 1-binding region o f rRNA (LI 1BR) (2) with the protein in spacefill and rRNA
in backbone m o d e l. The N-terminal domain o f LI 1 is highlighted in grey and the C-terminal domain is
highlighted in yellow. Residues o f the L I 1BR with changes in reactivity associated with possible
movements o f the N-terminal domain o f LI 1 are shown in distinct colors: U 1061, green; A1070, blue;
U1097, red. (B) Domain structure o f EF-G (4) in spacefill model with the domains labeled and
distinguished by color.

The Role o f the L l l N-Terminal Domain in Translation

Thiostrepton protected nucleotides U1061, A1070, and U1097 in the LI 1BR, and
the positions of of these residues relative to ribosomal protein L ll (Figure 3.6) suggest
that binding of thiostrepton may “tighten” the interaction of the N-terminal domain of
L ll with the LI 1BR. As binding of EF-G in the post-translocation state increased the
reactivity of U 1061 and Lll097 to chemical probes, it is possible that EF-G disrupts the
interaction of the N-terminal domain of LI 1 with the LI 1BR in the post-translocation
state. This possibility is supported by a low-resolution cryo-electron microscopic study
that suggests that domain V of EF-G intrudes into the cleft between the 23 S ribosomal
RNA and the N-terminal domain of LI 1 in the post-translocation state, causing the N-
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terminal domain to move and inducing the formation of an interaction between the G'
domain of EF-G and this domain (14). Figure 5.2 illustrates the tenuous interaction
between L ll and the domains of EF-G believed to be involved in interactions with the
L l l BRa n d L l l .
The results described in Chapter 3 also suggest that L ll mutant ribosomes lacking
L ll interacted with EF-G at a significantly reduced level relative to wild type ribosomes
in either the pre- or post-translocation states. As the C-terminal domain is believed to
stabilize the structure of the LI 1BR, it follows that the integrity of LI 1BR structure is
necessary for the interaction of EF-G with the ribosome in both the pre- and post
translocation states. Alternatively, the interaction of EF-G with the LI 1/Ll 1BR domain
may require an interaction of the factor with specific residues in the C-terminal domain of
Lll.
Taken together, the evidence suggests a model in which EF-G interacts primarily
with the SRL in the pre-translocation state. After ribosome/EF-G-dependent GTP
hydrolysis, the conformation of EF-G shifts to one that favors a more extensive
interaction with the the LI 1/Ll 1BR domain. The conformational change in EF-G could
be part of the mechanism for triggering the “unlocking” of the A and P site tRNA for
translocation to occur on the large subunit, and it may involve transduction of the EF-G
signal from the SRL to the peptidyl transferase center through elements of the GAR.
Further, an interaction of EF-G with the LI 1BR and N-terminal domain of LI 1
after GTP hydrolysis and translocation could serve to destabilize pre-translocation
interactions of EF-G with the ribosome. This would favor formation of the post-
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translocation conformation of EF-G and could increase the efficiency of removal of EF-G
before the next round of elongation.
A transition from the pre- to post-translocation state of EF-G on the ribosome is
accompanied by the hydrolysis of GTP (5). As LI 1 mutant ribosomes lacking L ll were
deficient in the formation of both pre- and post-translocation complexes, we postulated
that these mutations would affect elongation factor-dependent translation elongation and
the accompanying elongation factor GTP hydrolysis on the ribosome. In vitro translation
assays (Chapter 4) on LI 1' mutant ribosomes revealed a significant reduction in the rate
of elongation factor-dependent protein synthesis relative to wild type ribosomes. LI IN'
ribosomes suffered an intermediate defect in the in vitro translation studies. Further
analysis revealed that this defect was predominantly related to a defect in the function of
EF-G during elongation.
To ascertain if the defect in EF-G function was related to factor-dependent GTP
hydrolysis on the ribosome, we carried out ribosome/EF-G-dependent GTP hydrolysis
assays on wild type and mutant ribosomes. In the GTP hydrolysis assays, LI 1' and
LI IN' ribosomes showed a reduced rate of GTP hydrolysis relative to wild type
ribosomes. Analysis of the rates of GTP hydrolysis under high turnover conditions for
EF-G suggested that the reduction in the hydrolysis rates for mutant ribosomes may be
due to a defect in the turnover of the factor on the ribosome.
The results from functional assays support and expand our model for the role of
LI 1 in elongation developed above. In this model, ribosomes lacking the N-terminal
domain of LI 1 do not stabilize the post-translocation state of the ribosome as efficiently
as wild type ribosome. This would result in a delay in the transition from the pre- to
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post-translocation state of EF-G on the ribosome and may also reduce the efficiency of
removal of EF-G from ribosome after translocation, delaying a transition into the next
stage of elongation.
The study presented here greatly expands out understanding of the functions of
the ribosomal protein LI 1 and the LI 1BR on the large subunit of prokaryotic ribosomes.
The data do not support a role for a conformational change in the LI 1BR during
translocation, as little evidence could be found for significant structural changes induced
either by a change in the interaction of the LI 1BR with the N-terminal domain of LI 1 or
by an interaction with EF-G. Instead, the LI 1BR appears to serve as a static but
important scaffold for the interaction of EF-G with the ribosome in the post-translocatio
state.
Our evidence does suggest that the N-terminal domain has a prominent role in
stimulating the turnover of EF-G on the ribosome following GTP hydrolysis. Relatedly,
we found that the antibiotic thiostrepton probably tightens the interaction of the LI 1BR
with the N-terminal domain of LI 1, potentially preventing a functional conformational
change in the protein in response to EF-G binding.
In the future, this study will benefit from several possible lines of investigation.
First, the study of the function of the LI 1BR structure and its interactions with
elongation factors could benefit from targeted mutations of the LI 1BR residues identified
in the EF-G, LI 1, and thiostrepton interaction studies. Such studies may suggest the
importance of specific residues in the LI 1BR for EF-G, Ll l , and thiostrepton
interactions. Similarly, targeted mutational analysis could be used to identify the specific
residues on the N-terminal domain of LI 1 that are related to antibiotic and factor binding.
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A good place to start would be residues in the N-terminal domain of LI 1 that are closely
associated with nucleotides in the LI 1BR (Gin-12, Lys-10). Finally, elucidating the
specific stage of translocation inhibited by mutations in LI 1 will benefit from expanding
the studies of ribosome/EF-G dependent GTP hydrolysis to include a systematic kinetic
analysis of the process, including single-turnover analysis.
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Comparison of rRNA Cleavage by Complementary 1,10Phenanthroline-Cu(II)- and EDTA-Fe(II)-Derivatized Oligonucleotides

William S. Bowen, Walter E. Hill, and J. Stephen Lodmell

(A copy of a manuscript published by the authors in the
Journal Methods: 25, 344-350 (2001)
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METHODS 25, 344-350 (2001)
ctol: to. ICOVmeth.2001.12*16, a.vwabk? c^nllnt? at http:/Aiftw.ld&alllxaiy.ctmen i D i ^ r

C o m p a riso n o f rRNA C le a v a g e by C o m p le m e n ta r y
1 , 1 0-P henanthroline-C u(M )- and
EDTA-Fe(ll)-Derivatized O lig o n u c le o tid e s
W ill ia m S, B ow en, W a lt e r E . H ill, a n d J . S t e p h e n L o d m e ll1
D ivision o f B iological Sciences, UnUvrsIn' o f M ontana M issoula, M ontana 59812

The chemical nucleases 1,10-ptenanthroline- Cu (II) and EDTAFe(ll), have proven to b© valuable tools tor structural analysts of
nucleic adds. Both have round applications in tootprinting and
directed proximity studies of DNA and RNA. Derivatives of each
that provide tor tethering to nucleic acid or protein are commer
cially available, allowing their widespread use tor structural analy
sis ot macromotecules. Al though their appl ications are somewhat
overlapping, differences In their cleavage mechanisms and chemi
cal properties allow them to provide distinct and complementary
structural intorniation. The purpose or this study is to compare
directly the cleavage patterns ot tethered 1,10-phenanthrolineCu(ll) and EDTA-Fe(II) complexes within a similar experimental
system. Here, the region surrounding nucleotide 1400 ot 16S
rRNA from Escherichia col serves as a substrate tor chemical
cleavage directed by a derivatized complementary oligonucleo
tide. This region ot rRNA is known to be involved in the decoding
of mRNA during translation. The results ot this study provide evi
dence in support of the mechanistic differences previously estab
lished torEDTA-Fe(ll) and 1,10-phenathroline-Cujll). The delocal
ized cleavage envelope produced by EDTA-Fe(ll) cleavage
suggests the involvement ot a diffusible reactive species. On the
other hand, rRNA cleavage induced by the tethered 1,10-phenanthroline-Cu(ll) complex appears localized to the proximity of the
chemical nuclease under normal conditions, although tire produc
tion ot an unknown diffusible species appeals to occur during
long reaction times. * 2031 Eftv.ursci.nc.

Chemical nucleases represent a valuable class of tools
for Investigating nucleic acid structure and dynamics.
The several chemical nucleases In current use offer a
variety of target specificities and cleavage efficiencies
(I. 2), Chemical nucleases present some advantages
1To

w h o m c o r r e s p o n d e n c e s h o u ld b e a d d r e s s e d . F o x : (4 0 0 ) 24:1-

4 3 0 4 . E - m a i l: l o d m e l l'1 s e lw a y 1 i n it.e d n

over conventional enzymatic nucleases in th a t they are
sm aller in size and th u s can reach more sterlcally h in 
dered regions of a macromoiecuie. In addition, chemical
nucleases can he derivatized, allowing modulation of
activity and/or specificity. Although m any of th e chemi
cal cleavage reagents th a t have appeared in the litera
tu re over th e past several years have been custom syn
thesized In th e investigators' own laboratories, some
of tire reagents used os chemical nucleases are now'
commercially available. Two of these, the derivative of
EDTA. p-bromoaeetamldobenzyl-EDTA (BABE) eomplexed w ith Fe(II), and the derivative of phenanthroline. 5-lodoacetamldo-l. 10-phenanthroline (IoP) com
p leted w ith Cu(II), are In increasing use.
Several excellent reviews of the use of Fe-BA BE and
C u -phenanthrollne (Cu-oP) have recently been pub
lished and their respective protocols have been refined
in Individual system s (3-6). O ur Intention here Is not
to repeat those thorough works, but to determ ine w hat
are the practical differences between the two tech
niques w ith respect to experim ental methodology and
interpretation of results. In this study, we conduct a
side-by-slde comparison of the cleavage efficiencies and
specificities of Fe-BA BE and C u-oP under sim ilar re 
action conditions w ith respect to reducing agent [ascorbate or mercaptoproplonic acid (MPA) | and the presence
or absence of exogenously added hydrogen peroxide,
which has the universal effect of increasing the ro
bustness of th e cleavage reaction.
We chose as o u rstu d y system the 16S ribosomal RNA
from the eubacterium Escherichia coli. We directed the
chemical cleavage reagents toward a particularly in ter
esting region of tire 16S rRNA, tire so-callecl decoding
region, located around nucleotide 1400. This region of
the 16S rRNA Is known to play an active role during
I 0 4 8 2 0 2.V 0I ( 3 5 0 0
C- 2001 R ls o v lo r Science-
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the mRNA-cRNA recognition process and It Is excep
tionally accessible to complementary DNA oligomer
binding (7-13). We targeted our chemical nucleases to
this region by tethering Fe-BA BE or C u-oP to an ollgodeoxynucleotlde complementary to the rRNA sequence
In the vicinity of the decoding region (Fig, 1). Because
the DNA oligomer to w hich we chemically joined th e
cleavage reagent rem ained constant, w e w ere able to
compare the cleavage patterns of the two reagents
directly.
Several chemical and mechanistic features d istin
guish C u-oP and Fe-B A B E cleavage, First, the hy
drophobic character of the 1 , 1 O-phenanthroline ring
system (Fig, 1) may provide for reversible association
of the coordination complex w ith accessible hydrophobic
nucleo bases. P artial docking in the minor groove or
Interactions w ith splayed bases could position the reac
tive species for oxidative attack on the rlbose or deoxyribose, leading to direct strand scission (6 , 14, 15). The
structure and net negative charge of the Fe-BABE com
plex (Fig. 1) is not conducive to stable association with
nucleic acids (16) and, therefore, is proposed to act in
solution through the production of a diffusible radical
species (17).

A.

‘NH-

B.
ftr

\ __ $

W

o

V
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Second, the proposed mechanisms for direct strand
scission by C u -o P and Fe-B A B E are sim ilar, but have
distinctive characteristics. C u -o P cleavage is believed
to proceed via hydrogen atom abstraction from the ribose or deoxyribose, prim arily a t th e C-l position (18.
19). In this scheme (Fig. 2), a bound copper-oxo species
forms on oxidation of the bound copper ion by endoge
nous or exogenous hydrogen peroxide. This reactive
species, if positioned favorably, m ay abstract a hydro
gen atom a t C -l. leading to rearrangem ent and elim ina
tion to produce scission of th e phosphodiester backbone.
Because the reactive species is not diffusible (14). the
tethered coordination complex m ust be oriented for spe
cific binding adjacent to the C-l position in the minor
groove to initiate a cleavage event.
The mechanism for direct stran d scission by F e BABE is believed to proceed via oxidation of the bound
iron to produce a reactive species w hich may abstract
a hydrogen atom from th e rlbose or deoxyribose. How
ever, the reactive species is believed to be a diffusible
hydroxyl radical w ith no requirem ent for docking of
the BABE moiety to the nucleic acid (2Q. This scheme
requires th a t the rlbose or deoxyribose be solvent-acces
sible and th a t radical production occurs dose enough
to prevent solvent quenching of the radicals before ab
straction can occur (5).
These chemical and mechanistic differences provide
a framework for comparing direc ted cleavage using C u oP an d Fe-BA BE Based on the requirem ent for specific
docking of the C u-oP complex in the m inor groove of
nucleic acids, and the less strin g en t proximity require
m ents of the Fe-BA BE system, one would expect to see
more robust cleavage p attern s from Fe-BA BE than
from C u -o P tethered to the sam e position. This differ
ence would reflect the lim itation of C u -o P cleavage to
targets w ithin the tethered distance and binding of the
C u -o P complex to the nucleic acid In an orientation
suitable for hydrogen atom abstraction. Fe-BABE
cleavage, on th e other hand, would be lim ited only by
th e solvent accessibility of the targ et rlbose and the
effective diffusion radius of th e hydroxyl radicals in
solution, estim ated to be between 10 and 60 A (2 1 , 2 2 ).

J td k ri
\

Vaf rO

DESCRIPTION OF METHODS
Preparation of IB S rRNA

F I G . 1 . C l e a v a g e r e a g e n t s u s e d fo r o lljc o m ic le o tld e - d lr e c le d c le a v 
a g e r e a c t io n s . T h e r e a g e n t s a r e t e t h e r e d to t h e 5 r- p h o s p h a r o t h l o a t e
n f th c 'c d lg o m ic lip o U d e v l a r e a c t l o n a t t h e s u b s t i t u t e d o c e to m ld o t e t h e r .
{Al D e r iv a t iz e d 5 - lo d o a c e l« a m J d o 'l ,l Q - p h e n u n th r o J h ie ( lo P i v v lth c u o rc lh u iie d c o p p e r Io n . IB ) D e r iv a t iz e d J -(P b r o m o a e e ta m ld o b e n r ^ l ) K D T A (B A B E ) w i t h c o o r d i n a te d I r o n Io n .

The su b strate for oligonucleotide-directed cleavage
was 16S rRNA extracted from 30S ribosomal subunits
of E. coll The 30S ribosomal subunits were obtained
from the ribonuclease deficient strain MRE600 by
standard methods (e.g.. 23), S ubunits w ere extracted
twice w ith an equal volume of w ater-satu rated phenol
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(pH 4.3), followed by one phenol-chloroforni (24:24:1
phenolxhloroform: tsoamyl alcohol) and one chloroform
extraction, The rRNA w as subsequently precipitated
by the addition of 2.5 vol of ethanol and centrifuged for
25 mln In a mtcrofuge to precipitate. After the pellet
w as w ashed twice with cold 70% ethanol and dried In
a vacuum concentrator. It was resuspended In H 20 .
allquoted, and frozen a t - 8 0 ’C for future use.

Synthesis of 5'-PhosphoroUiioate Oligonucleotide
A 21 -nucleotide- long phospho rothloate-contal nlng
DNA oligomer, called 5'-P(S)-DEC1412 (oligonucleo
tides derivatized w ith phenanthrollne and BABE are
called Cu-oP-DEC1412 and Fe-BABE-DEC 1412, re
spectively; see below), w as designed to be complemen
ta ry to nucleotides 1392-1412 In 16S rRNA, It was
synthesized using standard phosphoram ldite chemis
try on an ABI 394 DNA'RNA synthesizer and Included
a 3'-phosphate group and a 5'-phosphorothloate group
for tethering of BABE or IoP as follows, A 3'-phosphate
CPG column (Glen Research) w as used for Incorporat
ing the 3'-phosphate to prevent extension from cleavage
probes during prim er extension analysis. Synthesis of
the sequence 5 '-GGTGTGACGGGCGGTGTGTAC-3'
was carried out using normal phosphoramldite chem is
try. The 5'-phosphorothloate was introduced w ith th e
use of a S'-phosphorylatlng reagent (Glen Research) for
the last step of the synches Is, The normal base synthesis
step was Interrupted a t th e coupling stage, which was

A

Increased to 0 mln, After coupling, the capping step
w as omitted and the oxidizing step was continued w ith
sulfurlztng reagent (Glen Research) replacing the nor
mal oxidizer. The oligonucleotide was th en cleaved from
the solid support and deprotected at 65°C In NH<OH/
ethylam lne solution for 10 mln. The product w as then
purified w ith reversed -phase HPLC using an ammo
nium acetate/acetonitrlle gradient. Appropriate frac
tions were lyophlllzed and resuspended in HPLC-grade
w ater to a concentration of 1 0 0 0 pmol/^il

BABE Modification of Oligonucleotide
We employed the method of Noiler and co-workers (5.
w ith some modifications for derlvatlzlng an oligonu
cleotide with BABE. In tire first step. BABE (Dqjtndo.
Gaithersburg, MD) was loaded w ith Fe2* by mixing 10
;A of 10 mM BABE In DMSO w ith 10 #1 of fresh 9 mM
F e-*iNHf t,(SO)- i; - 6H 20 . The mixture was Incubated
a t room tem perature for 60 mln. lyophlllzed, and stored
a t —20’C. Attachment of BABE to the 5'-phosphorothloate on the oligonucleotide was accomplished by mixing
5000 pmol of purified S'-phosphorothloate oligonucleo
tide w ith a lyophlllzed Fe(II)-BABE pellet from above
(100 ytmol), 2 lA of 400 mM potassium phosphate buffer
(pH 8.5), and HPLC-grade w ater In a final volume of 20
jttl. After vortexlng and a brief centrifugation, the mixture
w as Incubated at 37°C for 2 h, One microliter of 50 mM
EDTA was added and incubation was continued for an
additional 10 mln to chelate remaining uncomplexe-cl
2 t)

B

C

D

F I G . 2 . G e n e r a l r e a c t io n s c h e m e fo r c h e m i c a l sc h s i o n o f D N A v i a h y d r o g e n a t o m a b s t r a c t i o n a t C l a s p r o p o s e d b y M e lJ Ie r or a f. 126). I lie
p r e c i s e d i e m l s t r y f o llo w in g a b s t r a c t i o n b y lire m e ta l- o x o s p e c i e s o r h y d r o x y l r a d i c a l r e m a i n s u n c e r t a i n Tor R N A . b u t p r o b a b l y fo llo w s s i m i l a r
c h e m is tr y . A b s t r a c t i o n a t C 4 c o n c o m m o n ly o c c u r w i t h d i f f u s ib l e h y d r o x y l r a d i c a l s , g e n e r a t i n g d i s t i n c t s c is s io n p r o d u c t s (2 7 ). (A) F i r s t s t e p
In s t r a n d s c is s io n m e d i a t e d b y h y d r o g e n a t o m a b s t r a c t i o n a t C l b y e i t h e r p h e n a n t h r o l l n e - c o o r d l n a t e d c o p p e r- o x o s p e c i e s o r d i f f u s ib l e
liy d r o x y l r a d i c a l, il’.i C a r b o n - c e n t e r e d r lb o s e r a d i c a l f o rm e d f ro m h y d r o g e n a l u m a b s t r a c t i o n . (C ) S e q u e n c e o f o x i d a t i o n , r e a r r a n g e m e n t ,
a n d e l i m i n a t i o n o f 3 '- a n d 5 '- p h t » p h o r y la .te d s t r a n d f r a g m e n t s w h i c h i s w e ll d e f i n e d fo r D N A , b u t w h i c h r e m a i n s p o o r ly d e f i n e d fo r R N A
>1Jt P r o d u c ts o f D N A s t r a n d s c is s io n : 5 - m e t h y le n e f u r a n o s e . 3 ' a n d 5 'p h o s p h o r y l a t e d s t r a n d f r a g m e n t s , f r e e n u d e o b o s e .
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FeJt. Ftve micro!iters of 10 M ammonium acetate and 75
gl of HPLC-grade w ater were then added, followed by
three w ater-saturated phenol (pH 4.3) and two chloro
form extractions to remove unreacted Fe(II)-BABE com
plex. Three hundred mlcrollters cold 95% EtOH w as
added and the mixture was Incubated at —SOX for 25
mln. The derivatized oligomer was recovered by centrifu
gation at 13.000# and 4°C for 25 mln. The supernatant
was carefully removed and the pellet was dried In a vac
uum concentrator. The pellet w as then resuspended in
HPLC-grade w ater to a concentration of 25 pmol/gl for
use in cleavage reactions.

loP Modification of Oligonucleotide
Unlike Fe- BABE, the phenanthroline cleavage condi
tions do not require preloading of Cu2*. For modification
of the 5'-phospliorothloate oligonucleotide, 50.000 pmol
of IoP in dimethyl sulfoxide (DMSO) was added to 5000
pmot of 5'-phasphorothtoate oligonucleotide [5'-P(S)DEC1412] in a solution of 1:1 DMSO:HPLC-grade water.
The reaction mixture w as then incubated at room tem
perature for 60 mill and was immediately lyophlllzed.
The pellet w as resuspended in 100 g \ of a 0.5 M ammo
nium acetate, HPLC-grade w ater solution and was ex
tracted three times w ith w ater-saturated phenol (pH 4.3)
and twice w ith chloroform. After the final extraction. 300
gl of cold 95% EtOH w as added and the solution w as
precipitated a t —80*0 for 25 mln. Finally, the solution
was centrifuged a t 13,000g at 4*C for 25 mln, the super
natant carefully removed, and the pellet dried. The pellet
was resuspended in HPLC-grade w ater to a final concen
tration of 25 pmol/gl for cleavage reactions.

much slower migration relative to the same oligonucleo
tides th a t were successfully derivatized. Typically the
derlvatlzatlon w ith BABE or IoP was essentially q uan
titative (see Fig. 3),

Cleavage of 1GS rRNA
S'-Fe-BABE-D EC 1412-dlrvctcd cleavage o f 16S
rR N A

Cleavage reactions w ith the BABE-derlvatized
probe w ere carried o ut following th e procedure of
Joseph and Noller (5) w ith a few minor deviations.
Reactions were set up by com bining 25 pmol of deriva
tized probe w ith 4 g l of cleavage buffer [10X: 400 mM
potassium cacodylate (pH 7,5). 2 0 0 mM MgClj, 750
mM KC1], 25 pmol extracted 16S rRNA. and brought
to a final volume of 20 g l w ith H PLC -grade water.
Control reactions om itted derivatized probe and su b 
stitu te d eith er underlvatized probe, free cleavage re 
agent, or free m etal ions (Fig. 4). T he reactions w ere
incubated a t 42'C for 20 mln and slow-cooled to room
te m p eratu re to hybridize probe to 16S rRNA. Follow
ing binding, 1 /d of 100 mM reducing a g en t or 1 /d of
100 mM reducing agent plus I g l of 1%. hydrogen
peroxide w ere added im m ediately to th e specified
tubes by pipetting droplets onto opposite sides of the
mtcrofuge tu b es an d gtvlng a pulse spin to in itiate
cleavage. The tubes were th en incubated for eith er 5

1
PAGE and APM/PAGE Analysis of Derivatized
Oligonucleotides
Gel electrophoresis analysis w as used to determine
the efficiency of the derlvatlzatlon reactions. Five
hundred picomoles of derivatized or underlvatized oli
gonucleotide was dissolved in 5 g l of gel loading buffer
(7 M urea, 20 mM EDTA. 0.05% xylene cyanol. 0.05%
bromphenol blue), and loaded on a 15% acrylamide de
naturing gel w ith or w ithout 0.01 m^'m.I [(A-acryloylamino)phenyl]mercuric chloride (APM; synthesized Inhouse by G. Muth) |. and run for 20 mln a t 20-mA con
stan t current on a 10 x 10-cm gel (approximately 35
Wem a t the beginning of the run), Bands w ere visual
ized by staining w ith m ethylene blue. On an APM gel.
molecules bearing a 5'- or 3'-thiol group are markedly
retarded in their m igration (24). T hus oligonucleotides
bearing unreacted phospliorothloate groups display

2

3

* * ’ m
F IG , 3 .

Q u a n t i t a t i o n a n d s e p a r a t i o n o f d e r i v a t i z e d v e r s u s n o n d e r lv -

a t l z e d p h o s p h o r o l h l a a t e - c o n t a l r i l n g o l ig o n u c l e o t id e s o n a n A P M g e l.
F i v e h u n d r e d p ic o m o le s oF d e r i v a t i z e d o r u n d e r l v a t i z e d o l ig o n u c le o 
t i d e w a s d i s s o l v e d In 5 * 1 g e l l o a d i n g buffer (7 M urea. 2 0 m M H D T A .
0 .0 5 % x y l e n e e y a n o l. 0 0 5 % b r o m p h e n o l b in e ) a n d l a n d e d o n a 15%
a c r y l f u n l d e d c n a n i r l u g g e l w i t h Q . 0 1 m g /m l [ iM a c r y lo y L iiu ln o lp h e n y l |m e r c u r l c c h lo r i d e . B a n d s w e r e v i s u a l i z e d b y s t a l n l n g / d e s t a i n lu g
w i t h m e t h y l e n e b l u e . L a n e 1: 5 '- C u - o P - D B C 1 4 1 2 ; L a n e 2: 5 , -P (S )D E C 14 12; L a n e 3: F e - B A B E - D E C 1 4 1 2 .
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min a t room tem p eratu re. 60 mln on Ice, or 2.5 h at
both te m p eratu res (Fig, 4). To quench th e reactions,
300 i*1 cold 95% ethanol (EtOH) and 50 /d of 0.3 M
sodium ac etate w ere added to each tube and th e tubes
w ere placed In a dry Ice/E tO H bath for 25 min. After
centrifugation for 25 m ln a t 13,000# an d 4°C, th e su 
p e rn a ta n t w as carefully aspirated, the pellets were
w ashed twice w ith cold 70% ethanol, then dried in a
vacuum concentrator. The pellets were resuspended
in 40 Ml of H PLC -grade w ater and used for prim er

A
Control rams

extension an d gel electrophoresis analysis (5. 6 . 10)
to d etect ollgo-dlrected cleavage (Fig, 4).
Cu~~aP-DEC1412-Direet:ed Cleavage o f 16S rRNA
Cleavage reactions w ith the phenanthrollne-derivatized probe followed the sam e procedure as the BABE
cleavages above. The m ain difference Involved adding
1 g l of 200 mM C11SO 4 to the 25 pmol of oP-DEC1412
probe aliquot before setting up the reaction tubes. Con
struction of reactions and controls, cleavage reactions.

B

Directed
cleavage rans

,v /> !
8

9 10 11 12 13 14 15 16

1 2

3

4

5

Proba

Probe

hybridization
slops (1404-14)

bybrtdizaton
slops (1404-14)

4 1 5 L ocalized

1415 L o c alized

418 cleavage

1416 cleavage

cleavage

Delocalized
cleavage

(1416-26)

(1416-26)

D a l o c a iiz e d

FIG . 4.

(A) E x a m p l e o f F e-B A B E w r s u s C u - o P - m e d l a lc d c l e a v a g e f r o m t h e 1 3 9 2 -1 4 1 2 o lig o n u c l e o t id e . L a n e I: G s e q u e n c i n g . |.a n c 2: A

s e q u e n c i n g . L . m i s 3 - 1 0 : 2:1 V . 5 - m ln c le a v a g e c o n tr o l l a n e s w i t h I X c le a v a g e b u f f e r a n d t h e f o llo w in g c o n tr o l p a r a m e t e r s : L a n e 3: ID S
r R N A (5 m M a s c o r b a t e , 0 .0 5 % H 2 O s); L a n e 4: 1 8 S r R N A (5 m M M P A . 0 .0 5 % H z O z j: L a n e 5: I B S r R N A w i t h 1 2 5 p m o l f r e e F e - B A B E (5
m M a s c o r b a t e , 0 0 5 .'.. I I jO -i: L a n e 6 : 1 6 S r R N A w i t h 1 2 5 p n tcil f r e e o P a n d 2 0 0 p m o l C u S 0 4 (5 m M a s c o r b a t e . 0 .0 5 % l L t h i : L a n e 7: IB S
r R N A w i t h 2 5 p m o l F e - ’ l N lL )L IS C q ~ L (5 m M a s c o r b a t e . 0 .0 5 % l l 2 u 2): L a n e 8 : IB S r R N A w i t h 2 0 0 p m o l C 11S O 4 (5 m M a s c o r b a t e . 0.05% .
H 2 O 2 ): L a n e 0: I B S r R N A w i t h 2 5 p m o l u n d e r l v a t i z e d 5 r- P ( S ) - D E C 1 4 12 p r o b e (5 m M a s c o r b a te . 0 .0 5 % I I jO ,) ; L .a n e 10 : 1 6 S r R N A w i t h 25
p ill'll u n d e r l v a t i z e d 5' P lS i-D IX 1 4 12 p r o b e ( 5 m M M P A , 0 .0 5 % I I/ '( , ) . L a n e s 1 1 - 1 4 : 2 5 ’C . 5 m ln c l e a v a g e l a n e s w i t h I X c l e a v a g e b n l l e r
a n d t h e f o llo w in g r e a g e n t s : L a n e 11: 1 6 S rR N A w i t h 25 p m o l 5 '- F e - B A B E - D E C l 4 i 2 p r o b e (5 m M a s c o r b a t e ) : L a r e 12: 1 0 S r R N A w i t h 25
p m o l 5 '- o P - D E C I 4 1 2 p r o b e a n d ZOO p m o l C n S 0 4 (5 111M a s c o r b a te ) ; I .o n e 13: 1 0 S r R N A w i t h 2 5 p m o l 5 '- F e ~ B A B E - D E C J 4 1 2 p r o b e (5 111M
a s c o r b a t e , 0 .0 5 % H2O d ; L a n e 14 : I 6 S r R N A w i t h 2 5 p m o l 5 '- o P - D E C 1 4 12 p r o b e a n d 2 0 0 p m o l C u S O j ( 5 m M a s c o r b a t e . 0 .0 5 % P L O j). L a n e s
15. 16: ffC .. On m ln c l e a v a g e r e a c t i o n l a n e s w i t h I X r le a v a g e b u f f e r a n d t h e f o llo w in g r e a g e n t s : L a n e 15: 1 6 S r R N A w i t h 2 5 p m o l 5 'F e - R A B E - D E C 1 4 1 2 p r o b e (5 m M M P A . 0 .0 5 % . HjGj): L a n e 16: 16S r R N A w i t h 2 5 p m o l 5 - o P - D E C I 4 l 2 p r o b e a n d 2 0 0 p m o l CllSOq ( 5 in M
M P A . 0 .0 5 % HjO j). P r o b e h y b r i d i z a t i o n s to p s : r e v e r s e t r a n s c r i p t a s e s to p s o r R N a s e I I c l e a v a g e I n d u c e d b y p r o b e h y b r i d i z a t i o n d u r i n g p r i m e r
e x te n s i o n . L o c a liz e d c le a v a g e : r R N A c l e a v a g e occ n r r in g w i t h i n t h e e s t i m a t e d d i s t a n c e o f t h e t e t h e r e d n u c l e a s e , F e - B A B E a r C u ~ o P , fro m
t h e 5 '- e n d o f d i e h y b r i d i z e d p r o b e ( 2 0 - 3 0 A ). Do lo c a liz e d c le a v a g e : r R N A c le a v a g e a t t r i b u t e d to a d i f f u s i b l e r e a c t i v e s p e c i e s . 1B .1 L a n e 1: G
s e q u e n c i n g . L a n e 2: A s e q u e n c i n g . L a n e 3: 1 6 S r R N A c o n tr o l . L a n c s 4 a n d 5: r e a c t in n l a n e s w i t h 1 6 S r R N A . I X c l e a v a g e b u f fe r , a n d t h e
f o llo w in g r e a g e n t s ( c le a v a g e t im e a n d t e m p e r a h i r e I n d ic a te d ) : L a n e 4 : 1.6S r R N A w i t h 2 5 p m o l 5 '- F e-B A B E -D E C 1412 p r o b e (5 m M a s c o r b a te ,
6 0 m i n u t e s , CPC); L a n e 5 ; 1 6 S rR N A w ith 25 p m o l 5 '-o P -D E C 1 4 l2 p r o b e a n d 2 0 0 p m o l C u S 0 4 (5 m M a s c o r b a t e . 2 .5 h . 2S*C).
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Incubations, quenching, precipitation, an d analysis
were otherwise the sam e as for the BABE reactions
above. Results of both the C u-oP and Fe-BA BE cleav
ages are shown In Fig. 4.

TECHNICAL COMMENTS
Potential Free Metal Effects
Ollgo-dlrected probing w ith Fe-BABE and th a t w ith
C u-phenanthrolIne are procedurally very similar.
Some minor technical differences distinguish them,
however. Free iron contam ination in reactions can
cause nonspecific cleavage, which m ust be distin
guished from directed cleavage. The risk of nonspecific
(nontethered) free iron cleavage is possible w hen p er
forming Fe-BA BE probing because some unllganded
iron could potentially copurify w ith the F e-B A B E ollgonucleotlde complex. Free copper ions are also redox
reactive, but do not initiate extensive cleavage of the
target RNA under the conditions employed (Fig, 4 and
data not shown). The possibility' of free m etal contami
nation m akes Chelex-treated buffers or HPLC-gradcw ater desirable for either technique.

Chemical Reactivity of Linkers
When derlvatlzing the oligonucleotides, we found
th a t the 5-fadoacecamtdo linker used for phenanthroline tethering w as more reactive than th e bromoacetamidobenzyl linker used in BABE tethering. Typically,
the tethering reaction for BABE took 5 to 10 times
longer th an the 5-iodoacetaraldo-(1.10)-phenanthroltne
to go to completion at sim ilar concentrations of ollgo and
nuclease. Increasing the concentration of Fe-BA BE or
IoP In the reactions can Increase the yield of tethered
probe, but also increases th e chance of free (untethered)
Fe-BA BE or IoP contam ination after purification,

rRNA Cleavage during Primer Extension
Note th a t the presence of the derivatized or underl
vatized oligonucleotide probe hybridized to the rRNA
causes a strong stop during the prim er extension (see
Fig. 4, lanes 3 -8 vs lanes 0 and 10). This can be ex
plained by the reverse transcriptase th a t Is engaged
in the prim er extension encountering the hybridized
oligonucleotide, which results in reverse transcriptase
pausing or dissociating. Alternatively, because reverse
transcriptase itself has RNase H activity, it may cleave
the rRNA a t the site of the RN A'DNA hybrid.

349

P otential for D etach m en t of th e C leavage R eagent from
th e Oligonucleotide

The nucleolytic effects of these reagents a re not lim 
ited to th e target nucleic acid, but can potentially cleave
off fragm ents of the complementary' oligonucleotide
used for directing cleavage. The predicted result would
be a p attern of cleavage diffusion em anating from the
position of complementarity, although under the reac
tion conditions described here, the expected contribu
tion of this type of cleavage should be rath e r small,

RESULTS
Figure 4 shows results of th e Fe-B A B E and C u-oP
cleavage reaction comparisons, Derlvatlzed-DEC 1412specific cleavage was observed as prim er extension
stops 3' the probe binding region on the rRNA (nucleo
tides 1392-1412) and distinct from control lanes. A
prim er extension stop at a unique nucleotide position
in experim ental lanes is interpreted as a cleavage event
a t the nucleotide Immediately 5' to th a t position on the
rRNA. Stops occurring directly a t the region of probe
binding (especially nucleotides 1408-1414) were attrib 
uted to p aus ins's topping of reverse transcriptase or
RNase H activity at the probe hybridization site, as
discussed above,
Several features Immediately stand out in the
analysis of Fig. 4A. First, reactions th a t include F e BABE-DEC 1412 (lanes 11.13.15) or Cu-oP-DEC1412
(lanes 12,14.16) both provide robust rRNA cleavage at
positions near the 5' end of th e rRNA-bound probe
(nucleotides 1414-1416). However, the Fe-BABEDEC 1412 probe provides a significantly more delocal
ized cleavage p attern th an lanes Including C u-oPDEC1412 (lanes 12,14.16), both a t room tem perature
(lanes 11-14) and at 0°C (lanes 15,16).
Second, the addition of exogenous hydrogen peroxide
to Fe-BABE-DEC 1412 reactions (lanes 13,15) results
In an increase In the delocalization of cleavage w hen
compared eith er w ith the reaction w ithout added exoge
nous hydrogen peroxide (lane 11) or w ith those reac
tions th a t Include Cu-oP-DEC1412 and exogenous hy
drogen peroxide (lanes 14,16), The addition of hydrogen
peroxide may Increase th e rate a t which the reduced
Fe(I)-BABE or C u(I)-oP complex Is oxidized to form
the reactive species (25). However, th is effect might
be less pronounced in C u -o P reactions In which the
reduced complex is bound in the minor groove of the
RNA. less accessible to solvent.
Figure 4B shows the results of running the reactions
w ith Cu-oP-DEC1412 and ascorbate for an extended
period (2,5 h) to determ ine w hether cleavage intensity
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would Increase locally or If th e overall p attern of cleav
ages might change. The results suggest th a t the lowIntenslty, localized cleavage seen w ith phenanthrollne/
ascorbate over short reaction tim es may be supplanted
by less localized cleavage after 2,5 h In reactions con
taining ascorbate a t 25°C (lane 5), This delocallzed pat
tern resembles the typical pattern observed with
BABE-DEC1412-directed cleavage, which Is shown for
comparison (lane 4). T he BABE-DEC1412 cleavage Is
already robust a t 60 mln a t 0°C; to obtain this pattern
w ith Cu-oP-DEC1412 requires a longer Incubation at
higher tem perature. Nevertheless, this result was
somewhat unexpected Inasmuch as the proposed RNA
cleavage mechanisms of C u-oP and Fe-BA BE differ
w ith respect to the dlffuslbilltyof the resultant reactive
radical (14, 20). Based on these results we cannot rule
out the Involvement of a diffusible radical species in
the ascorbate reaction w ith Cu-oP,
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